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The  data  base  presented  is  easy  to  access  and  considered  applicable  to 
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gene  the  data  base  is  outlined.  Examples  of  data  base  uses  are  given  with 
specMii-  reference  to  LNG  tank  design  accelerations. 


V 


UNCLASSIFIED 


SECURITY  CLASSIFICATION  OF  THIS  PAOEfWfun  Dmim  Bnfnd) 


TABLE  OF  CONTENTS 


Page 

ABSTRACT  1 

ADMINISTRATIVE  INFORMATION  2 

INTRODUCTION  2 

SERIES  DESCRIPTION  3 

PREDICTION  PROCEDURE  5 

RESPONSES  5 

Response  Amplitude  Operator,  RAO  . 8 

Wave  Spectrum,  S^ 9 

Special  Techniques  iO 

Surge,  Sway,  and  Yaw  in  Quartering  and  Following  Waves  . . . , 10 

Roll  Nonlinearities 11 

Spectral  Closure  11 

PERIODS 13 

RESULTS 13 

DESCRIPTION 13 

DISCUSSION 15 

APPLICATION  OF  RESULTS  16 

CONCLUDING  REMARKS  20 

ACKNOWLEDGMENTS  21 

APPENDIX  A - MOTION  LIMITS  IN  QUARTERING/FOLLOWING  WAVES  36 

APPENDIX  B - ROLL  CORRECTION  FACTOR 39 

APPENDIX  C - VALIDATION  OF  PERIODS  ASSOCIATED  WITH  EXTREME  RESPONSES 

USING  FULL-SCALE  AND  SIMULATION  DATA k\ 


III 


Page 


APPENDIX  D - LNG  SHIP  RESPONSE  DATA  BASE 1*9 

REFERENCES Ill 


LIST  OF  FIGURES 


Figure  1 - LNG  Series  Ship  Particulars  and  Geometry 22 

Figure  2 - Calculation  Procedure  for  RMS  Ship  Response  Data  Base  ...  23 

Figure  3 " Typical  Response  Amplitude  Operators  2k 

Figure  k - Bretschneider  Two-Parameter  Spectral  Family  25 


Figure  5 - Typical  Occurrence  and  Fix  of  Large  Ship  Motion 

Prediction  for  Near  Zero  Wave  Encounter  Frequency,  . . . 26 


Figure  6 - Comparison  Between  Measured  and  Predicted  Roll 

Nonlinearities  of  a Typical  Naval  Oil  Tanker  at 
Resonance  in  Beam  Waves 27 

Figure  7 ” Spectral  Closure  Procedure  28 

Figure  8 - Application  of  Spectral  Closure  Procedure  described 

in  Figure  7 29 

Figure  9 " Comparison  of  Predicted  Design  Accelerations  with 

Existing  Rules  from  Reference  2 30 

Figure  10  - Point  Location  for  Prediction  of  Accelerations 

for  LNG  Ship  Series 31 

Figure  11  - Influence  of  Spatial  Variation  Within  Ship  on 

LNG  Ship  Series  Acceleration  Predictions  32 

Figure  12  - Extreme  Surge,  Sway,  and  Yaw  Limits  at  Near 

Zero  Frequencies  of  Encounter  and  the  Associated 

Model  Data 38 

Figure  13  “ Typical  Predicted  Short  Crested  Wave  and  Ship 


Response  Time  History  Segments  from  Reference  2 1*5 


Figure  1A  - Favorable  Comparison  of  T-_  and  T^.^  from 

Full-Scale  Trial  Data  .....  . 1*6 

Figure  15  " Unfavorable  Comparison  of  T.  and  T from 

Full-Scale  Trial  Data 1*7 


iv 


Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 


Table 

Table 

Table 


Page 

16  - Measured  North  Atlantic  Sea  Spectra  48 

17  ■ RMS  Response  Surfaces  of  LNG  Series,  0 Knots 51 

18  - RMS  Response  Surfaces  of  LNG  Series,  5 Knots 52 

19  ■ RMS  Response  Surfaces  of  LNG  Series,  10  Knots 53 

20  - RMS  Response  Surfaces  of  LNG  Series,  15  Knots 54 

21  - RMS  Response  Surfaces  of  LNG  Series,  20  Knots  55 

22  - Ship  A,  Root  Mean  Square  Responses  versus 

Encountered  Modal  Periods  56 

23  - Ship  B,  GM  = 1.5  Ft,  Root  Mean  Square  Responses 

versus  Encountered  Modal  Periods  57 

24  - Ship  B,  GM  = 3 Ft,  Root  Mean  Square  Responses 

versus  Encountered  Modal  Periods  58 

25  ■ Ship  B,  GM  = 6 Ft,  Root  Mean  Square  Responses 

versus  Encountered  Modal  Periods  59 

26  - Ship  C,  GM  = 2 Ft,  Root  Mean  Square  Responses 

versus  Encountered  Modal  Periods  60 

27  ■ Ship  C,  GM  = 3 Ft,  Root  Mean  Square  Responses 

versus  Encountered  Modal  Periods  61 

28  - Ship  C,  GM  = 4 Ft,  Root  Mean  Square  Respon'Ses 

versus  Encountered  Modal  Periods  62 

29  ■ Ship  D,  Root  Mean  Square  Responses  versus 

Encountered  Modal  Periods  63 

30  - Ship  E,  Root  Mean  Square  Responses  versus 

Encountered  Modal  Periods  64 

LIST  OF  TABLES 

1 - LNG  Series  Ship  Particulars 4 

2 - Description  of  Data  Base  Presentation 50 

3 ■ Ship  A,  Root  Mean  Square  Heave  Responses, 

Unit  Significant  Wave  Height 65 


V 


Page 

66 


Table  ^ - Ship  A,  Root  Mean  Square  Roll  Responses, 

Unit  Significant  Wave  Height  ...... 

Table  5 " Ship  A,  Root  Mean  Square  Pitch  Responses, 

Unit  Significant  Wave  Height 6? 

Table  6 - Ship  A,  Root  Mean  Square  Longitudinal  Accelerations 

at  Center  of  Forward  Tank,  Unit  Significant  Wave  Height  ...  68 

Table  7 “ Ship  A,  Root  Mean  Square  Lateral  Accelerations  at 

Center  of  Forward  Tank,  Unit  Significant  Wave  Height  ....  69 

Table  8 - Ship  A,  Root  Mean  Square  Vertical  Accelerations  at 

Center  of  Forward  Tank,  Unit  Significant  Wave  Height  ....  70 

Table  9 “ Ship  B,  Root  Mean  Square  Heave  Responses, 

Unit  Significant  Wave  Height 71 

Table  10  - Ship  B,  Root  Mean  Square  Pitch  Responses, 

Unit  Significant  Wave  Height 72 

Table  11  - Ship  B,  GM  = I.5  Ft,  Root  Mean  Square  Roll 

Responses,  Unit  Significant  Wave  Height  73 

Table  12  - Ship  B,  GM  = I.5  Ft,  Root  Mean  Square  Longitudinal 
Accelerations  at  Center  of  Forward  Tank,  Unit 

Significant  Wave  Height Jk 

Table  13  “ Ship  B,  GM  = 1.5  Ft,  Root  Mean  Square  Lateral 
Accelerations  at  Center  of  Forward  Tank,  Unit 

Significant  Wave  Height  75 

Table  11*  - Ship  B,  GM  = 1.5  Ft,  Root  Mean  Square  Vertical 
Accelerations  at  Center  of  Forward  Tank,  Unit 

Significant  Wave  Height  76 

Table  15  “ Ship  B,  GM  = 3 ft.  Root  Mean  Square  Roll  Responses, 

Unit  Significant  Wave  Height  . 77 

Table  16  - Ship  B,  GM  = 3 Ft,  Root  Mean  Square  Longitudinal 
Accelerations  at  Center  of  Forward  Tank,  Unit 

Significant  Wave  Height  78 

Table  17  " Ship  B,  GM  = 3 Ft,  Root  Mean  Square  Lateral 

Accelerations  at  Center  of  Forward  Tank,  Unit 

Significant  Wave  Height 79 

Table  I8  - Ship  B,  GM  = 3 Ft,  Root  Mean  Square  Vertical 
Accelerations  at  Center  of  Forward  Tank,  Unit 

Significant  Wave  Height  80 

vl 


Table  19  - Ship  B,  GM  * 6 Ft,  Root  Mean  Square  Roll  Responses, 

Unit  significant  Wave  Height  

Table  20  - Ship  B,  GM  = 6 Ft,  Root  Mean  Square  Longitudinal 
Accelerations  at  Center  of  Forward  Tank,  Unit 
Significant  Wave  Height  . 

Table  21  - Ship  B,  GM  = 6 Ft,  Root  Mean  Square  Lateral  Accelerations 

at  Center  of  Forward  Tank,  Unit  Significant  Wave  Height  . . . 

Table  22  - Ship  B,  GM  = 6 Ft,  Root  Mean  Square  Vertical  Accelerations 

at  Center  of  Forward  Tank,  Unit  Significant  Wave  Height  . . . 

Table  23  - Ship  C,  Root  Mean  Square  Heave  Responses,  Unit 

Significant  Wave  Height  

Table  2^4  - Ship  C,  Root  Mean  Square  Pitch  Responses , Un  1 1 

Significant  Wave  Height  

Table  25  “ Ship  C,  GM  = 2 Ft,  Root  Mean  Square  Roll  Responses, 

Unit  Significant  Wave  Height  

Table  26  - Ship  C,  GM  = 2 Ft,  Root  Mean  Square  Longitudinal 
Accelerations  at  Center  of  Forward  Tank,  Unit 
Significant  Wave  Height  

Table  27  " Ship  C,  GM  = 2 Ft,  Root  Mean  Square  Lateral  Accelerations 

at  Center  of  Forward  Tank,  Unit  Significant  Wave  Height  . . . 

Table  28  - Ship  C,  GM  = 2 Ft,  Root  Mean  Square  Vertical  Accelerations 

at  Center  of  Forward  Tank,  Unit  Significant  Wave  Height  . . . 

Table  29  " Ship  C,  GM  = 3 Ft,  Root  Mean  Square  Roll  Responses, 

Unit  Significant  Wave  Height  . . 

Table  30  - Ship  C,  GM  = 3 Ft,  Root  Mean  Square  Longitudinal 
Accelerations  at  Center  of  Forward  Tank,  Unit 
Significant  Wave  Height  

Table  31  " Ship  C,  GM  = 3 Ft,  Root  Mean  Square  Lateral  Accelerations 

at  Center  of  Forward  Tank,  Unit  Significant  Wave  Height  . . . 

Table  32  - Ship  C,  GM  = 3 Ft,  Root  Mean  Square  Vertical  Accelerations 

at  Center  of  Forward  Tank,  Unit  Significant  Wave  Height  . . . 

Table  33  " Ship  C,  GM  = 1*  Ft,  Root  Mean  Square  Roll  Responses, 

Unit  Significant  Wave  Height  

Table  3^  " Ship  C,  GM  = 4 Ft,  Root  Mean  Square  Longitudinal 
Accelerations  at  Center  of  Forward  Tank,  Unit 
Significant  Wave  Height  

vli 


Page 

81 

82 

83 

8k 


Table 

Table 

Table 

Table 

Table 

Table 

Table 

Table 

Table 

Table 

Table 

Table 

Table 

Table 


Page 

35  “ Ship  C,  6M  = 4 Ft,  Root  Mean  Square  Lateral  Accelerations 

at  Center  of  Forward  Tank,  Unit  Significant  Wave  Height  ...  97 

36  - Ship  C,  GM  = 4 Ft,  Root  Mean  Square  Vertical  Accelerations 

at  Center  of  Forward  Tank,  Unit  Significant  Wave  Height  ...  98 

37  " Ship  D,  Root  Mean  Square  Heave  Responses,  Unit 

Significant  Wave  Height  99 

38  - Ship  D,  Root  Mean  Square  Roll  Responses,  Unit 

Significant  Wave  Height  100 

39  " Ship  D,  Root  Mean  Square  Pitch  Responses,  Unit 

Significant  Wave  Height  101 

40  - Ship  D,  Root  Mean  Square  Longitudinal  Accelerations 

at  Center  of  Forward  Tank,  Unit  Significant  Wave  Height  . . . 102 

41  - Ship  D,  Root  Mean  Square  Lateral  Accelerations  at 

Center  of  Forward  Tank,  Unit  Significant  Wave  Height  ....  103 

42  - Ship  D,  Root  Mean  Square  Vertical  Accelerations  at 

Center  of  Forward  Tank,  Unit  Significant  Wave  Height  ....  104 

43  " Ship  E,  Root  Mean  Square  Heave  Responses,  Unit 

Significant  Wave  Height  105 

44  - Ship  E,  Root  Mean  Square  Roll  Responses,  Unit 

Significant  Wave  Height 106 

45  - Ship  E,  Root  Mean  Square  Pitch  Responses,  Unit 

Significant  Wave  Height  107 

46  - Ship  E,  Root  Mean  Square  Longitudinal  Accelerations  at 

Center  of  Forward  Tank,  Unit  Significant  Wave  Height  ....  108 

47  - Ship  E,  Root  Mean  Square  Lateral  Accelerations  at 

Center  of  Forward  Tank,  Unit  Significant  Wave  Height  ....  109 

48  - Ship  E,  Root  Mean  Square  Vertical  Accelerations  at 

Center  of  Forward  Tank,  Unit  Significant  Wave  Height  ....  110 


vl  i 1 


c 


NOTATION 


AP 

BL 

®X 

b. 

J 


''X 

FP 


n 

GM 


9 

KG 


Ip  8 \p 


‘•PP 

^O’^-A’S 

'-6’'-a’‘-v 


RAO 


RMS 

R^(a)^,v) 

B|  (wpfv)  j R|  ((i)pyv)  j R|  (tUpiv) 

“■O  A '-V 


Aft  perpendicular 
Basel  I ne 

Maximum  ship  beam 

Spreading  function  (time  domain)  for  short 
crested  seas 

Block  coefficient 

Longitudinal  prismatic  coefficient 
Confidence  factor 

Maximum  transverse  section  coefficient 
Forward  perpendicular 
Froude  number 

Transverse  metacentric  height 

Acceleration  due  to  gravity,  32.1725  ft/sec^ 

Height  of  center  of  gravity  above  baseline 

Roll,  pitch,  and  yaw  radii  of  gyration 

Length  between  perpendiculars  of  ship 

Longitudinal,  lateral,  and  vertical  displacements 

Longitudinal,  lateral,  and  vertical  accelerations 
at  any  point  (x*,  y*,  z*)  along  the  ship 

Response  amplitude  operator 

Root  mean  square,  square  root  of  variance 

Amplitude  of  ship  response  to  a sinusoidal 
excitation,  frequency-response  function 

Longitudinal,  lateral,  and  vertical  displacement 
frequency-response  functions  at  any  point 
(x*,  y*,  z*)  along  the  ship 


ix 


r(t) 

S 

S^(u)) 

S^CtOg) 

s(t) 


Response  time  history 
Response  spectrum 

Long  crested  wave  spectral  density  ordinates 

Encountered  long  crested  wave  spectral  density 
ord 1 nates 

Encountered  short  crested  wave  spectral  density 
ordinates  for  wave  direction  v 

Wave  height  time  history 

Long  crested  wave  spectral  component  in  time 
domain  simulation 


T.t 


Time  variable 


Ship  draft  at  aft  perpendicular,  amidships, 
and  forward  perpendicular 


^MAX 


Period  of  maximum  response  cycle 


OE 


Moda?  response  period,  period  corresponding 
to  peak  of  encountered  response  spectrum 


Maximum  ship  draft 


T 

o 


Modal  wave  period,  period  corresponding  to 
peak  of  wave  spectrum 


Natural  roll  period. 


approximately 


1.108  K,//^ 


V 


Ship  speed 


X 


Extreme  ship  response 


x*,y*,z* 


x.Xa 


Coordinates  of  any  point  measured  from  the 
origin  of  the  calculation  procedure  defined  on 
page  8 

Surge  and  surge  amplitude 

Empirically  derived  surge  limit  in  quartering/ 
fol lowing  waves 


y.VA 


Sway  and  sway  amplitude 


Empirically  derived  sway  limit  in  quartering/ 
fol lowing  waves 


x 


Heave  and  heave  amplitude 


^jk 


’A 

V V3 

e.e^ 

A 

p 


4(p).a2^(u) 


0) 

“e 

2;a/A 

«> 


Random  phase  angle  associated  with  the  heading 
angle  and  the  wave  frequency  of  short  crested 
time  history 

Ship  displacement 

Phase  angle  of  frequency  response  function 
Wave  amplitude  - single  amplitude 

j 

Significant  wave  height  - average  of  one-third 
highest  double  amplitudes 

Pitch  and  pitch  amplitude 

■ 

Wavelength 

Ship  heading  angle,  predominant  wave  direction 
with  respect  to  the  ship 

Wave  direction,  with  respect  ''o  the  ship,  apart 
from  the  predominant  direction 

RMS  or  standard  deviation  of  ship  response  in 
short  crested  seas 

Mean  square  or  variance  of  ship  response  in 
long  crested  seas,  in  short  crested  seas 

Roll  and  roll  amplitude 

Wave  direction  with  respect  to  the  predominant 
wave  direction 

Yaw  and  yaw  amplitude 

Empirically  derived  yaw  limit  in  quartering/ 
fol lowing  waves 

Wave  frequency 

Wave  encounter  frequency 

Wave  encounter  frequency  above  which  ship 
response  is  negligible 

Wave  steepness 

Midlength  - between  perpendiculars,  midships 

( 

! 


xi 


ABSTRACT 


A procedure  to  determine  extreme  ship  responses  has  been  developed  and 
previously  reported  in  a pilot  Investigation  for  prediction  of  extreme  tank 
accelerations  of  Liquid  Natural  Gas  (LNG)  ships.  Essentially,  extreme 
accelerations  and  motions  are  developed  by  applying  short-term  statistics 
to  hull  responses  predicted  for  severe  sea  conditions.  The  procedure  requires 
three  Inputs  to  determine  the  extreme  values: 

1.  Root  mean  square  (RMS)  ship  responses 

2.  Extreme  wave  heights  from  historical  data  of  ocean  areas  which 
serve  as  LNG  shipping  routes 

3.  Probability  of  exceeding  a certain  response  level  within  a 
specified  time 

The  purpose  of  this  report  is  to  develop  the  RMS  ship  responses  required  to 
determine  LNG  tank  design  (extreme)  acceleration  rules.  The  actual  design 
rule  work  is  presented  in  a separate  paper. 

The  RMS  data  base  presented  is  for  a series  of  five  LNG  ships  ranging 
in  length  from  approximately  600  to  1000  feet  and  with  capacities  ranging 
from  29,000  to  200,000  cubic  meters.  Ships  with  both  spherical  and  membrane 
tanks  are  included.  The  data  base  consists  of  six  rigid  body  ship  responses, 
i.e.,  heave,  pitch  and  roll  along  with  longitudinal,  lateral  and  vertical 
accelerations  at  the  center  of  the  forward  tank  for  each  of  nine  ship/load 
cases.  Periods  associated  with  each  response  are  also  given. 

The  data  base  covers  a wide  range  of  ship  speeds,  i.e.,  0,  5 

20  knots,  ship  headings,  i.e,  0,  15,  . . .,  180  degrees  and  modal  wave 
periods,  i .e. , 7,  9,  • • . , 21  seconds.  The  seaways  are  represented  by 
short  crested  Bretschne Ider  two-parameter  spectra  with  one  foot  significant 
wave  heights,  so  that  the  data  can  easily  be  scaled  to  any  wave  height. 

The  effect  of  load  variations  is  evaluated  by  determining  ship  responses 
when  GM  is  varied. 


The  data  base  presented  is  easy  to  access  and  considered  applicable 
to  many  ship  design  and  engineering  problems.  It  is  presented  in  tabular 
form  with  supportive  two  and  three  dimensional  trend  plots.  The  procedure 
used  to  generate  the  data  base  is  outlined.  Examples  of  data  base  uses 
are  given  with  specific  reference  to  LNG  tank  design  accelerations. 
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This  work  was  conducted  at  the  Naval  Ship  Research  and  Development  Center 
(NSRDC)  upon  request  of  the  U.S.  Coast  Guard  (USCG) , MIPR  Z-70099"3”30922 . 

It  is  identified  as  Work  Unit  Number  I-I568-OOA. 


INTRODUCTION 


The  Importance  of  liquid  natural  gas  as  a source  of  energy  has  been 
steadily  growing  in  the  past  few  years.  Fear  of  scarcity  or  unreliability 
of  energy  sources  and  emphasis  on  environmental  protection  have  influenced 
its  rising  importance  in  the  United  States  as  well  as  other  countries.  One 
major  result  of  this  is  that  a new  class  of  ships,  LNG  Carriers,  is  being 
developed . 

The  United  States  Coast  Guard  (USCG)  is  responsible  for  the  safety  of  » 

all  hazardous  cargo  ships  entering  or  leaving  U.S.  harbors,  including,  of 
course,  LNG  ships.  Therefore,  the  USCG  has  sponsored  research  programs  to 
Improve  the  evaluation  and  specification  of  LNG  ship  safety.  As  a conse- 
quence, NSRDC  has  been  contracted  by  USCG  to  explore  procedures  which  may 
result  in  more  realistic  classification  rules. 

This  NSRDC  program  has  been  broken  into  three  pl,.,jes  over  a period  of 
two  years: 

1.  Phase  I - Conduct  a pilot  investigation  to  develop  a procedure 
for  determining  extreme  ship  responses  and  apply  it  to  a typical 
LNG  ship. 

2.  Phase  II  - Modify  procedure  of  Phase  I where  required,  to 

accommodate  a representative  range  of  LNG  ships.  Develop  a data  , 
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base  of  root  mean  square  ship  responses  and  associated  periods 
for  all  possible  ship  headings,  speeds  and  sea  conditions.  The 
data  base  format  should  permit  easy  access  for  wide  range  of 
applications  Including  LNG  tank  design. 

3.  Phase  III  - Using  Phase  II  data  base,  determine  extreme  ship 
responses  and  compare  with  current  tank  design  classification 
rules.  The  results  should  be  In  a form  easily  comprehensible 
to  the  tank  designer,  e.g.,  as  a function  of  ship  length.  Internal 
tank  pressures  due  to  liquid  head  should  be  examined, 

The  Phase  I work  has  been  completed  and  reported.'*  This  report  presents 

the  results  of  Phase  11.  A comprehensive  report  detailing  Phase  III  work 

Is  In  preparation.  A summary  of  all  phases  of  the  program  has  been  recently 
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presented  at  the  GASTECH  '7^  LNG/LPG  Congress  In  Amsterdam,  Netherlands. 


The 

present  report  is  divided 

Into  several  major  sections 

1 . 

Series  Description 

2. 

Prediction  Procedure 

3. 

Results 

l4. 

Application  of  Results 

5. 

Concluding  Remarks. 

SERIES 

DESCRIPTION 

The  five  ships  selected  for  the  LNG  ship  series  are  described  In  Figure  1 
and  Table  1.  Ships  were  selected  for  the  series  In  an  effort  to  describe  a 
representative  range  of  LNG  carriers  likely  to  enter  U.S.  ports,  both  now 
and  In  the  future.  The  ship  lengths  vary  from  approximately  600  to  1000  feet 
and  the  cargo  capacities  range  from  29,000  to  200,000  cubic  meters.  Ships  A 
and  C have  spherical  tanks;  Ships  B,  D,  and  E have  membrane  tanks.  The  ships 
are  considered  to  be  in  the  full  or  nearly  full  cargo  load  condition  and  each 
ship  Is  assumed  to  possess  typical  bilge  keels  for  purposes  of  ship  lateral 
response  predictions. 


*Superscrlpts  denote  references  listed  on  page  111, 
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TABLE  1 - LNG  SERIES  SHIP  PARTICULARS 


The  effect  of  load  variation  on  predicted  accelerations  Is  examined  for 
two  of  the  ships  by  simple  GM  variations  rather  than  by  combined  draft,  trim, 
displacement  and  GM  variations.  This  Is  considered  appropriate  because 
current  full-scale  ballasting  procedures  maintain  LNG  ships  at  essentially  a 
constant  draft,  without  regard  to  the  liquid  natural  gas  cargo  load  status. 
Ships  B and  C are  selected  for  these  GM  variations;  both  ships  are  permitted 
three  separate  GM  values  as  shown  In  Figure  1 and  Table  1.  Each  ship/GM  case 
Is  treated  separately,  thus  the  LNG  ship  series  consists  of  nine  unique 
ship/load  conditions. 


PREDICTION  PROCEDURE 

The  general  prediction  procedure  is  outlined  in  Reference  1.  Some 
modifications  and  additions  have  been  made  to  this  general  procedure  for 
its  application  to  the  LNG  ship  series.  Figure  2 outlines  the  major  computa- 
tional elements  of  the  procedure.  In  brief,  the  calculations  are  performed 
in  two  steps,  denoted  A and  B in  Figure  2.  Part  A provides  the  s i x-degree-of- 
freedom  response  amplitude  operators  applicable  to  motions  near  the  CG  of 
the  ship  by  applying  state-of-the-art  ship  motion  theory.  Part  B "translates" 
these  operators  to  obtain  operators  applicable  to  the  center  of  the  forward 
tank,  and  then  computes  the  ship  responses  in  short  crested  seas  using 
theoretical  two-parameter  wave  spectra.  In  addition,  modal  periods  associated 
with  the  responses  are  determined.  The  items  numbered  1,  3,  and  7 in  part  B 
are  the  major  modifications  and  additions  which  have  been  made  to  the  general 
procedure  given  in  Reference  1.  These  I terns  are  described  in  this  section 
of  the  report  and  a brief  description  of  the  entire  procedure  is  also  given. 

RESPONSES 

Statistical  predictions  of  ship  responses  are  found  essentially  by  the 
procedure  of  St.  Denis  and  Pierson.^  This  procedure  assumes  that  the  seaway 
and  ship  responses  to  it  are  stationary  Gaussian  random  processes  and  that 
the  principle  of  linear  superposition  holds.  A cosine-squared  law  Is  used 
to  spread  the  wave  energy  from  long  crested  (un i -d i rect lonal ) to  short  crested 
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(multi-directional)  seas,  In  summary,  the  response  variance, 

short  crested  seas  at  a given  ship  speed  V and  ship  heading  angle  u Is 


p + ir/2 


a5^(p) 


J*  [R^  (u^,  v)]^  dug  dv 


(1) 


p - ir/2 


where  v is  the  wave  direction  with  respect  to  the  ship,  is  the  encountered 
wave  frequency,  Is  the  encountered  frequency  above  which  ship  response  is 
negligible,  and  [R^  (w^,  v)]^  is  the  response  amplitude  operator, 
is  the  short  crested  encountered  wave  spectrum  defined  by 


v)  = (2/ir)  cos^  (v  - p)  S^(u)^) 


(2) 


where  S^(u^)  represents  the  long  crested  encountered  wave  spectrum.  Substi- 
tuting equation  2 into  equation  1, 


.p  + ir/2 


a^cCp)  = (2/ 


i [R^  (wg.  v)]^  S^(u^)  do)^  dv  (3) 


il  - Tr/2 


and  for  the  integration  over  wave  direction,  v,  values  of  the  integrand  at 

V = p + p7r/12  where  p = -6,  -5 0,  . . .,  5,  6,  are  summed  and 

multiplied  by  v/]2,  i.e.,* 


(p)  = (1/6)  I a?  (p  + pTr/12)  cos^  (pTr/12) 

p = -6 


(M 


where 


cr|c  (p  + P1t/12) 


[R^  (wf.  P + pir/12)]2  S^(a)c)  du 


(5) 


Both  the  ship  response  and  the  spreading  function  are  assumed  constant  for 
a given  encountered  wave  frequency  over  each  ii/12  Interval  of  ship  heading. 
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r 


is  the  response  variance  in  long  crested  (un i -d i rect ionai ) seas  at  an  angie 
(y  + pTr/12)  with  respect  to  the  ship. 


Due  to  conservation  of  energy 


= S^(u)  dw 


(6) 


where  u is  the  wave  frequency,  and  by  definition 


dug  = do) 


(7) 


therefore , 


S^Cue)  duE  = S^(co)  (3(o/3(Oe)  duE 


= S^(u)  [l/(3uE/du)]  du)E 


(8) 


The  encountered  wave  frequency  is  defined  by 


- (w^V/g)  cos 


(9) 


where  g is  the  acceleration  due  to  gravity,  so 


(9a)E/3a,)  = | 1 - (2uV/g) 


cos  V 


(10) 


Substituting  equation  10  into  equation  8, 


S^(u)e)  du)E  = S^(u))  |1/[1  - (2uV/g)  cos  v]  | d^E 


(11) 


The  absolute  value  is  taken  in  quation  10  to  prevent  the  case  of  negative 


frequencies  of  encounter.  The  quantity  1/(3ue/9w)  of  equation  8 is  the 


Jacobian  of  the  transformation  from  the  wave  frequency  domain  to  the 
encountered  wave  frequency  domain,  see  Reference  5- 


J 


7 


In  summary,  equation  k describes  the  response  variance  used  In  this 
work.  Details  of  the  calculation  procedure  needed  to  compute  equation  k are 
presented  below. 

Response  Amplitude  Operator,  RAO 

Ship  motion  response  amplitude  operators  were  computed  using  the  NSRDC 
Ship  Motion  and  Sea  Load  Computer  Program,^  which  Is  based  on  theory  by 
Salvesen,  Tuck  and  Faltlnsen.^  Surge,  sway,  heave,  roll,  pitch,  and  yaw 
RAOs  were  computed  for  the  intersection*  of  the  longitudinal  centerline  of 
the  waterplane  section  with  the  transverse  plane  through  the  center  of  gravity. 
Figure  3 presents  a typical  set  of  RAOs  for  Ship  A at  10  knots.  The  RAOs 
are  given  as  a function  of  wave  frequency,  w,**  for  ship  headings  ranging  from 
0 to  180  degrees  in  15  degree  Increments,  where  head  seas  are  at  180  degrees. 

Ship  acceleration  response  amplitude  operators  for  the  center  of  the 
forward  tanks  are  computed  by  the  NSRDC  Irregular  Sea  Response  Prediction 
Program.  The  procedure  is  outlined  in  Reference  6.  Briefly,  the  ship 
responses  at  any  point  (x*,  y*,  z*)  along  the  ship  are  determined  by  the 
translation  equations 

Lq  = X - y*il)  + z*e 
= y - z*(()  + x*il) 

Ly  = z - x*e  + y*((i  (12) 

where  L^,  L^,  and  are  the  ship  displacements  in  the  longitudinal,  lateral, 
and  vertical  directions,  and  x,  y,  z,  (fi,  6,  4)  are  surge,  sway,  heave,  roll. 


This  point  is  the  origin  of  the  coordinate  system  used  in  the  calculation 
procedure. 

In  practice,  the  computational  ai  and  ranges  are  determined  from  the 

wavelength  to  ship  length  ratios,  ^/l-pp»  input  to  the  NSRDC  Ship  Motion 

and  Sea  Load  Computer  Program.  That  is,  RAOs  are  computed  for  u)p  values 

determined  from  ^ 

0)  = (ZTrg/X) 

and  equation  9.  The  ^/Lpp  range  used  for  this  work  is  0.1  to  1*.2. 
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pitch,  and  yaw  motions  at  the  origin.  The  corresponding  response  amplitude 

operators  R,  (a)_,  v) , R,  (wp,  v)  and  R,  (to^,  v)  are  easily  determined  by 
Lq  E La  E Ly  E 

calculating  real  and  Imaginary  parts  of  L^,  L^,  and  for  a given  encounter 
frequency. 

The  acceleration  response  amplitude  operators  are  found  by  taking  the 
product  of  the  displacement  response  amplitude  operators  and  [to^  (w)  ] “^/g^ . 

By  using  the  approach  of  the  previous  section,  the  required  acceleration 
variances  are  found. 

Wave  Spectrum, 

The  two-parameter  Bretschneider  spectral  form  has  been  used.  The  two 
parameters  are,  by  definition,  significant  wave  height,  (c^)iy  » snd  modal 
(peak)  wave  period,  T^.  The  spectral  density  equation  Is 


where 


S^(a))  = Ao)  exp  [-B/u**]  ft^  • sec 


A = iifl,  a;  ft2  . sec' 

W / "5  O 


B = 19^1^. 5/T  sec 
o 


Equation  13  represents  the  energy  of  a long  crested  (un i -d i rect ional ) seaway 
in  the  w-domain.  A cosine  squared  law  has  been  applied  to  equation  13  in 
order  to  approximate  a more  realistic  short  crested  (mul t i -d i rect iona 1 ) seaway, 
i.e.,  see  equation  2.  Also  the  wave  spectra  are  transformed  to  the  encountered 
wave  domain,  see  equation  11. 

The  RMS  responses  presented  in  this  report  were  computed  using  wave 
spectra  defined  by  a significant  wave  height  of  1 foot  and  modal  periods 
7,  9.  • • •,  21  seconds.  Figure  ^ illustrates  the  shape  of  these  wave  spectra. 
The  use  of  the  two-parameter  spectrum  has  several  advantages  over  the  use  of 
a one-parameter  (wave  height)  spectrum: 

1.  For  a specific  wave  height,  more  realistic  ship  response  ranges 
can  be  determined,  due  to  a recognition  of  the  wide  variations 
in  energy  distribution  for  actual  sea  states. 


9 


2.  Observed  wave  data  for  a specific  oceanographic  area  may  be 
read  I ly  used. 

Special  Techniques 

Due  to  the  wide  range  of  ship  sizes  and  operating  conditions,  as  well  as 
the  fact  that  the  primary  intended  use  of  the  data  base  Is  to  predict  extreme 
responses,  several  special  (numerical)  techniques  have  been  developed  and  are 
discussed  In  this  section.  It  should  be  emphasized  that  the  first  two 
techniques  discussed  are  simply  to  surmount  computational  problems  which 
arise  due  to  the  use  of  linear  equations  of  motion  to  represent  complex  non- 
linear phenomena.  This  recognizes  that  the  linear  equations  are  not  suitable 
for  the  prediction  of  motion  divergences  which  can  occur  in  nature  for  extreme 
sea  conditions  when  wave  encounter  frequencies  are  very  small,  e.g.,  ship 
broaching  and  capsizing  in  extreme  quartering  or  following  seas. 

Surge,  Sway,  and  Yaw  in  Quartering  and  Following  Waves.  The  equations  of 
motion  of  the  linear  theory^  used  in  this  work  predict  very  large  RAOs 
for  surge,  sway,  and  yaw  responses  for  near  zero  wav^  encounter  frequencies. 
Similar  large  values  for  heave,  pitch,  and  roll  RAO  predictions  are  not  as 
obvious  possibiy  due  to  the  inclusion  of  hydrostatic  restoring  terms  in  their 
respective  equations  of  motion.^  The  problem  caused  no  difficulty  in  the 
pilot  investigation  because  only  a long  LNG  ship.  Ship  D,  was  considered. 
However,  in  this  work,  it  has  been  necessary  to  consider  the  difficulty 
because  smaller  LNG  ships  are  included.  For  example.  Ship  A is  approximately 
two-thirds  the  length  of  Ship  D and  thus  reaches  lower  encounter  frequencies 
than  Ship  D for  the  same  speed,  heading,  and  wavelength/ship  length  ratio 
(X/Lpp)  combinations. 

Therefore,  a procedure  has  been  developed  to  impose  numerical  limits  on 
predicted  surge,  sway,  and  yaw  transfer  functions.  The  imposed  limits  are 
derived  empirically  from  measured  extreme  surge,  sway,  and  yaw  model  data 
and  are  Implemented  in  the  NSRDC  Irregular  Sea  Response  Prediction  Program, 
see  Figure  2.  Appendix  A gives  a detailed  description  of  the  procedure. 

Figure  5 illustrates  an  application  of  the  procedure  to  the  case  of  a transfer 
function  for  Ship  A at  relatively  high  speed  in  quartering  waves.  The  shaded 
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area  in  the  figure  denotes  the  area  for  near  zero  wave  encounter  frequency,  I 

I 

in  which  a very  large  sway  prediction  occurs.  For  example,  at 
0.3  = 0.012  radians/second),  the  sway  transfer  function  Is  predicted  to  ! 

be  “ 75.1.  According  to  the  empirical  limits  derived  In  Appendix  A,  ! 

the  sway  transfer  function  limit,  should  not  exceed  1.06  for  this  j 

ship  heading.  j 

i 

Rol 1 Non  I Inearl  ties.  It  is  known  that  the  principle  of  linear  superposition  ] 

does  not  necessarily  hold  when  seaways  become  extreme.  For  example,  roll  | 

motion,  which  Is  considered  the  most  nonlinear  ship  response,  tends  to  reach  j 

limiting  values  rather  than  continuing  to  Increase  linearly  with  wave  height  | 

in  extreme  waves.  Figure  6,  prepared  using  unpublished  NSRDC  model  experiment 

results,  illustrates  this  nonlinear  behavior  of  roll  motion.  The  square 

symbols  in  the  figure  represent  measured  roll  amplitudes  and  the  solid  lines 

represent  predicted  values  for  the  same  conditions  at  which  the  experiment 

was  conducted.  Figure  6a  clearly  demonstrates  a leveling  off  of  measured 

roll  amplitude  with  increasing  wave  height  2^^,  especially  as  speed 

increases.  For  example,  at  a Froude  number  F^  = 0.15,  roll  amplitude  appears 

to  level  off  above  a wave  height  of  30  feet.  Figure  6b  presents  the  data  of 

Figure  6a  in  nondimensional  form  and  illustrates  the  decrease  in  measured 

roll  motion  per  unit  wave  height  as  1/wave  steepness  decreases  (or  as  wave 

steepness  increases  and  thus  wave  height  increases). 

In  both  Figures  6a  and  6b,  it  is  apparent  that  the  computed  roll  motion 
for  higher  wave  heights  is  overpredicted,  especially  as  speed  is  increased. 

Since  the  data  base  of  this  report  is  primarily  intended  for  determining  ship 
responses  in  extreme  seas,  a procedure  was  developed  to  predict  more  realistic 
extreme  sea  roll  motions  using  the  existing  linear  theory.^  Essentially,  the 
procedure  develops  a roll  correction  factor  dependent  only  on  ship  heading 
and  speed  which  is  applied  to  the  RMS  roll  angles.  Appendix  B gives  details 
of  the  procedure. 

Spectral  Closure.  Validity  of  the  predicted  RMS  responses  relies  on  a proper 
numerical  technique  for  calculation  of  the  area  under  each  response  spectrum. 

If  the  response  spectrum  approaches  zero  at  both  high  and  low  frequencies,  i 
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the  spectrum  Is  considered  to  close.  The  response  spectrum  approaches  zero 
when  either  the  response  amplitude  operator  or  the  wave  spectrum  (or  both)  Is 
sma 1 1 . 

Generally  It  Is  rather  a simple  procedure  to  select  a range  of  A/Lpp* 
values  that  assures  both  sufficient  resolution  of  the  response  spectrum  and 
closure.  However,  In  the  present  case,  due  to  the  wide  spectral  frequency 
range,  I.e.,  7 to  21  second  modal  wave  periods,  and  computer  program  storage 
limitations,  some  difficulties  arose.  Figure  7 defines  a procedure  whereby 
small  areas  can  be  added  to  the  computed  response  spectrum  to  assure  closure 
at  both  high  and  low  frequencies.  The  spectrum  is  considered  to  close,  at 
either  end,  if  the  end  spectral  value  is  less  than  or  equal  to  10  percent  of 
the  peak  value,  otherwise  small  areas  are  added  to  the  original  spectrum.  For 
example.  If  the  spectrum  does  not  close  at  the  low  frequency  end,  i.e.. 

Si  > O.I  S , then  the  smaller  of  two  areas,  Ao  or  Ao,  is  added  to  the 

originally  computed  spectral  area  Aj , see  Figure  7.  In  Figure  7,  A3  is  the 

area  of  the  triangle  formed  by  drawing  a straight  line  through  the  first  two 
spectral  ordinates,  and  continuing  it  to  the  frequency  axis.  A2  is  the  area 
of  the  triangle  formed  by  drawing  a straight  line  to  the  frequency  of  zero 
wave  energy,  e.g.,  = 0.2,  and  is  included  in  the  procedure  only  to  ensure 

that  excessively  conservative,  i.e.,  large,  A3  values  are  not  added  to  the 
originally  computed  spectral  area.  If  the  spectrum  does  not  close  at  the 
high  frequency  end,  i.e.,  S > 0.1  S and  S < S , then  A^  is  added  to 

the  originally  computed  area  Sj.  A4  is  the  area  of  the  triangle  formed  by 

drawing  a straight  line  through  the  last  two  spectral  ordinates,  and  continuing 
it  to  the  frequency  axis. 

Figure  8 gives  a typical  example  of  the  procedure  for  heave  displacement. 
In  this  example,  a small  area  at  the  low  frequency  end  is  added  to  the  original 
heave  spectrum.  The  small  area  added,  A2,  is  considered  reasonable  because 
the  wave  spectrum  is  quickly  going  to  zero  for  w < 0.30.  For  example,  if 


the  wave  spectrum  Is  extended  down  to  u)  = 0.2,  see  dashed  line  In  middle  plot 
of  Figure  8,  It  becomes  nearly  zero.  If  the  heave  RAO  Is  assumed  to  be  1, 
at  (0  = 0.25.*  the  response  spectrum  ordinate  Is  0.083  which  Is  clearly  within 
the  A2  right  triangle  In  the  bottom  plot  of  the  figure. 

PERIODS 

In  response  to  frequent  U.S.  Coast  Guard  inquiries  about  the  period 
associated  with  extreme  accelerations,  a basic  modification  to  the  calculation 
procedure  was  made.  Previously  the  procedure  was  concerned  only  with  pre- 
dicting ship  motions,  see  Reference  1,  and  thus  all  RMS  values  were  computed 
in  the  wave  frequency,  u,  domain,  this  being  the  simpler  procedure.  In  order 
to  develop  a procedure  for  determining  response  periods,  however,  the  response 
spectra  need  be  examined  In  the  encountered  wave  frequency,  domain. 
Prediction  in  the  u^-domain  permits  analysis  of  the  frequency  content  of  the 
encountered  response  spectra  and  was  thus  incorporated  into  the  calculation 
procedure. 

This  addition  to  the  procedure  takes  advantage  of  recently  developed 
U.S.  Navy  computer  programs  to  predict  correlated  ship  motion  time  histories. 

It  has  been  found  that  the  maximum  time  history  response  occurs  at  a period 
which  is  close  to  the  modal  period,  of  the  encountered  response  spectrum. 

Verification  of  this  finding  is  given  in  Appendix  C. 

Thus,  in  addition  to  the  root  mean  square  responses,  the  periods  of  the 
responses,  are  contained  in  the  LNG  series  response  data  base. 

RESULTS 

DESCRIPTION 

The  response/period  data  base  for  the  LNG  ship  series  is  presented  in 
Appendix  D.  Table  2,  of  the  appendix,  gives  a summary  of  the  data  presentation 
for  each  ship/load  case.  Specifically,  the  data  base  is  presented  in  three 
distinct  formats: 


That  is,  the  ship  is  heaving  with  the  same  amplitude  as  the  wave. 


1.  Figures  17  to  21*  present  three-dimensional  response  surfaces  where 
each  figure  contains  the  six  data  base  responses  for  all  five  ships 
for  a specified  speed.  The  surfaces  are  functions  of  ship  heading 
angle,  y,  and  modal  wave  period,  T^,  The  two  intermediate  load 
(GM)  conditions  are  shown  for  Ships  B and  C.  These  figures  are 
useful  in  determining  the  peaks  and  valleys  of  the  responses  as 
heading  and/or  sea  condition  varies,  as  well  as  showing  gross 
differences,  or  lack  of  same,  of  particular  responses  across  the 
ship  series.  For  example,  at  10  knots,  see  Figure  19,  vertical 
acceleration  is  largest  in  bow-to-head  seas  for  modai  wave  periods 
from  11  through  13  seconds.  Further,  at  10  knots,  maximum  vertical 
acceleration  is  greater  for  Ship  B (GM  = 3 Ft),  i.e.,  approximately 
0.^9  g's,  than  for  any  other  ship;  Ship  E has  the  smallest  maximum 
vertical  acceleration,  i.e.,  approximately  0.27  g's. 

2.  Figures  22  to  30**  are  two-dimensional  "density  plots"  of  ship 
response  versus  encountered  modal  period.  Each  figure  is  for  one 
ship/load  case  and  contains  response-period  pairs  for  all  headings 
and  speeds  for  each  response-type.  These  density  plots  are  very 
useful  in  detecting  resonant  periods,  general  trends,  etc.  For 
example.  Ship  A,  see  Figure  22,  exhibits  the  most  severe  roll  angles 
in  the  22  and  23  second  encountered  modal  period  range.  In  the  same 
figure,  longitudinal  acceleration  generally  shows  little  change  in 
highest  RMS  response  across  encountered  modal  period,  while  vertical 
acceleration  is  greatest  around  7 to  8 seconds. 

3.  Tables  3 through  ^*8  present  the  RMS  response  encountered  modal  period 
pairs,  one  response-type  for  one  ship/load  case  per  table.  Each 
table  contains  predictions  for  all  speeds,  headings  and  sea  conditions 


Basic  three-dimensional  plots  were  constructed  by  CalComp's  THREE-D 
perspective  drawing  software  and  the  763  drum  plotter.  The  THREE-D  package 
was  purchased  by  this  project  explicitly  to  construct  the  plots  for  Figures 
17  to  21 . 

Basic  scatter  or  density  plots  were  constructed  using  CalComp  software  and 
the  763  drum  plotter. 


(significant  wave  height  of  1 ft).  These  tables  permit  a quantl*- 

tative  analysis  of  ship  responses  for  the  LNG  ship  series.  For 

• > 

example,  the  values  given  In  the  tables  may  be  used  to  evaluate 
variations  In  t'esponse  levels  as  heading  and/or  speed  changes,  ♦ 
to  determine  extreme  lifetime  response  values  for  use  In  design, 
etc.  The  examples  given  In  the  Application  of  Results  section 
Illustrates  the  use  of  these  tables. 

DISCUSSION 

Upon  examination  of  the  data  base,  especially  the  density  and  surface 
plots,  several  observations  can  be  made.  For  Figures  17  to  21,  the  following 
comments  are  made; 

1.  Excluding  roll,  similar  trends  are  shown  for  each  type  of  response 
surface  at  a specific  ship  speed,  irrespective  of  ship  length. 

2.  As  speed  increases,  maximum  vertical  accelerations  move  from  beam 
to  head  seas  for  all  ship  lengths. 

3.  Maximum  lateral  accelerations  occur  near  beam  seas  for  all  ship 
speeds  and  lengths, 

4.  As  speed  Increases,  maximum  heave  occurs  for  high  modal  wave  periods 
and  moves  from  beam  to  bow  seas,  especially  for  the  smaller  ship 
lengths . 

5.  As  speed  Increases,  maximum  roll  moves  from  beam  to  following  seas 
and  modal  wave  periods  decrease,  especially  for  the  smaller  ship 

1 engths . 

For  Figures  22  to  30,  the  following  comments  are  made: 

1.  Variations  in  GM  do  not  affect  acceleration  responses,  see  Figures 
23  to  28.  Only  roll  response  magnitude  and  period  are  affected. 

2.  Except  for  roll,  the  response  envelopes  are  generally  similar  for 
each  ship.  Further,  the  maximum  heave,  pitch,  lateral  and  vertical 
acceleration  responses  for  the  series  occur  within  a relatively 
narrow  period  range  of  about  4 seconds.  For  example,  for  all  9 
ship/load  conditions  maximum  heave  response  occurs  for  periods 
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between  16.1  and  20.3  seconds.  Similarly,  for  maximum  pitch 
response  the  period  range  Is  7.7  to  11.6  seconds.  It  Is  also 
Important  to  note  that  the  periods  for  maximum  vertical  acceleration 
responses  always  agree  closely  with  the  period  for  maximum  pitch 
responses.  As  the  pitch  and  vertical  acceleration  maxima  occur 
near  head  seas,  this  Infers  that  pitch  motion  Is  a major  factor 
effecting  vertical  acceleration. 

3.  As  expected,  maximum  roll  responses  occur  for  periods  close  to  the 
estimated  natural  roll  periods*  of  the  ships,  I.e.,  within  3 
seconds . 

k.  Maximum  vertical  accelerations  are  two  to  three  times  larger  than 
maximum  lateral  accelerations,  depending  on  ship  length.  Further- 
more, maximum  longitudinal  accelerations  are  at  most  one  quarter  of 
the  value  of  maximum  vertical  accelerations.  Maximum  roll  angles 
are  at  least  twice  as  large  as  maximum  pitch  angles. 

5.  Vertical  acceleration  is  much  more  sensitive  to  encountered  modal 
period  than  either  longitudinal  or  lateral  acceleration. 

APPLICATION  OF  RESULTS 


The  LNG  ship  response  data  base  was  developed  for  a specific  application, 
i.e.,  to  determine  extreme  ship  responses  and  compare  them  with  current 
classification  rules  used  to  design  LNG  cargo  tanks.  However,  the  data  base 
can  be  used  for  other  problems  and  three  examples  are  given  below.  Only  the 
first  example  is  concerned  with  extreme  ship  responses  and  is  taken  from  the 
Phase  III  work,  see  Reference  2. 

Example  1 

A building  block  procedure  to  determine  design  ship  responses  based 
on  short-term  statistics  has  been  developed,  see  Reference  1.  The  procedure 


Natural  roll  periods  have  been  estimated  by 

T^  = 1.108  K^//GM 

(ji  (|) 

and  are  given  in  Table  1 and  Figure  1. 
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consists  of  four  essentially  independent  steps.  The  first  three  steps 
produce  a data  base  of  ship  responses  in  extreme  seas,  This  data  base  is 
referred  to  as  the  extreme  response  data  base  and  is  defined  by 


w 


where  X Is  the  extreme  response,  o is  the  RMS  response  for  unit  significant 

wave  height.  extreme  significant  wave  height  for  a specified 

modal  wave  period  T and  geographic  location.  C_  is  a so-called  confidence 
o I 

factor  which  provides  that  the  extreme  response,  X,  is  not  to  be  exceeded  by 
a specified  probability,  a,  for  a given  exposure  time,  T,  of  the  ship  to  the 
extreme  seas.  The  fourth  step  of  the  building  block  procedure  consists  of 
selecting  design  values  from  this  data  base  by  applying  rational  ship  operator 
strategies  in  storms.  The  strategies  involve  speed  reduction,  heading  change 
to  limit  vessel  motions,  most  likely  headings,  etc. 


Reference  2 provides  an  application  of  this  four  step  procedure  to 
determine  LNG  tank  design  accelerations.  In  short,  extreme  response  surfaces 
are  developed  for  the  LNG  ship  series  from  the  RMS  unit  significant  wave 
height  surfaces  of  this  report,  see  Figures  17  to  21.  Worldwide  measured  or 
observed  extreme  wave  heights  are  used  and  the  extremes  are  predicted  with  a 
probability  of  one  in  a hundred  of  being  exceeded  during  a one  day  ship 
exposure  to  the  extreme  seas.  Figure  9 presents  the  selected  design  vertical 
accelerations  when  rational  ship  operator  strategies  are  applied  to  the 
extreme  vertical  acceleration  surfaces.  The  two  dashed  lines  on  the  figure 
represent  current  classification  rules  for  LNG  tank  design.  The  significance 
of  this  figure  is  further  discussed  in  Reference  2. 

Example  2 

Together  with  oceanographic  data  for  specific  geographic  areas,  the  RMS 
unit  wave  height  response  data  base  of  this  report  can  be  used  to  determine 
the  optimum  ship  course  (least  time)  from  a port  of  departure  to  a port  of 
arrival.  Such  work,  which  considers  the  effect  of  various  ship  operator 
strategies,  is  now  In  progress  at  NSRDC,  under  USCG  sponsorship,  for  a series 
of  ammunition-carrying  ships. 
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Another  application  of  the  data  base  Is  the  determination  of  acceler- 
ations at  arbitrary  points  In  the  ship.  The  present  data  base,  see  Appendix 
D,  Includes  accelerations  at  the  forward  tank  center  only.  Figures  10  and 
11  were  prepared  to  enable  the  determination  of  accelerations  at  other  points. 
Figure  10  defines  the  points  In  the  five  series  ships  for  which  special 
acceleration  calculations,  shown  in  Figure  11,  were  done.  Figure  11  demon- 
strates the  effect  of  spatial  variations  within  the  ship  on  the  predicted 
RMS  unit  wave  height  accelerations,  which  are  denoted  on  the  figure  by  L" 
for  vertical,  for  lateral,  and  Lg  for  longitudinal.  A modal  wave  period, 
T^,  of  13  seconds  was  used  for  the  calculations.  Figure  lla  presents  results 
for  the  base  load  conditions  of  the  five  series  ships  in  bow  seas.  Similarly, 
Figure  lib  presents  the  bow  sea  results  for  the  alternate  load  conditions  of 
Ships  B and  C.  Figures  11c  and  lid  present  results  for  all  load  conditions 
of  Ship  C in  beam  and  quartering  seas.  Three  types  of  point  variation  are 
demonstrated. 

The  bottom  row  of  graphs  on  Figure  11  shows  the  differences  in  predicted 
vertical  and  lateral  accelerations  across  the  LNG  ship  series  when  the 
position  along  the  ship  varies  longitudinally.  For  example,  in  the  lower 
left  hand  corner  of  Figure  lla,  the  vertical  scale  is  for  vertical  acceler- 
ation, L^,  and  values  are  shown  for  Ship  A at  point  1,  the  center  of  the 
forward  tank,  point  I4,  midships,  and  point  5,  the  center  of  the  last  tank, 
see  Figure  10.  The  abscissa  scale,  used  to  denote  the  position  of  points  1, 
k,  and  5 along  the  ship,  denotes  the  ship  length  from  the  aft  perpendicular, 
AP,  to  the  forward  perpendicular,  FP.  Values  for  both  10  knots  (solid  line) 
and  20  knots  (dashed  line)  are  shown.  To  the  immediate  right  of  this  plot  is 
the  corresponding  plot  for  lateral  acceleration,  for  Ship  A. 

Similarly,  the  middle  row  of  graphs  on  Figure  11  shows  the  differences 
in  predicted  vertical  and  longitudinal  accelerations  when  the  position  on 
the  ship  varies  laterally.  Values  for  point  1 and  for  point  3,  which  is  to 
the  port  side  of  the  forward  tank  center,  are  shown.  The  abscissa  scale  Is 
for  100  feet  on  each  side  of  midships,}^  , where  a negative  sign  indicates 
the  port  side  of  the  ship. 
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Finally,  the  top  row  of  plots  of  Figure  II  shows  the  differences  In 
predicted  lateral  and  longitudinal  accelerations  when  the  position  on  the 
ship  varies  In  the  vertical  direction.  Values  for  point  1 and  for  point  2, 
which  Is  below  the  center  of  the  forward  tank,  are  shown.  The  abscissa 
scale  Is  for  distance  In  feet  above  the  baseline  where  0 denotes  the  baseline. 

Several  general  comments  regarding  the  effects  of  spatial  variation  on 
ship  accelerations  are  to  be  noted.  Firstly,  vertical  acceleration  Is  constant 
along  any  vertical  line  through  the  ship.  For  example,  vertical  acceleration 
Is  the  same  for  points  1 and  2 defined  on  Figure  10.  Similar  rules  hold  for 
lateral  and  longitudinal  accelerations,  see  Equation  12  which  defines  ship 
responses  at  any  point  along  the  ship,  Secondly,  only  large  spatial  variations, 
such  as  are  possible  In  the  longitudinal  direction,  drastically  alter  the 
predicted  accelerations,  see  Figure  11.  Thirdly,  neither  speed  variations  nor 
load  (GM)  variations  affect  acceleration  trends  with  spatial  variations  for  a 
specific  heading,  though  the  trends  do  vary  substantially  for  different  head- 
ings, see  Figure  11. 

Acceleration  values  at  points  other  than  the  forward  tank  can  be  estimated 
from  the  data  base  of  Appendix  D by  using  the  trends  of  Figure  11.  For 
example,  suppose  the  vertical  acceleration  of  the  aftmost  tank  for  the  case 
where  the  forward  tank  acceleration  is  maximum  is  requrled  for  Ship  A at 
10  knots.  From  Table  8,  the  maximum  vertical  acceleration  at  10  knots  occurs 
at  135  to  150  degrees  at  an  11  second  modal  wave  period  and  is  0.00l*A  g. 

From  Figure  11a,  the  vertical  acceleration  of  the  aft  tank  is  78  percent 
(0. 0032/0. OOAl  = 0.78)  that  of  the  forward  tank.*  Therefore,  the  acceleration 
in  the  aft  tank  corresponding  to  the  maximum  vertical  acceleration  of  the 
forward  tank  at  10  knots  is  0.0034  g (0.78  x 0.0044  g = 0.0034  g). 

A final  comment  is  made  in  connection  with  Example  1.  It  may  be  assunied 
that  the  extreme  accelerations,  and  hence  the  selected  design  accelerations, 
vary  for  different  tanks  in  the  ship  by  the  same  trends  as  shown  in  Figure  11. 


■ft 

It  should  be  noted  that  the  acceleration  Is  minimum  at  midships  and  maximum 
at  the  bow.  From  Figure  11a,  the  vertical  acceleration  at  midships  is  61 
percent  that  at  the  bow  (0.0025/0.0041  = 0.61)  for  Ship  A. 
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Thus,  the  tank  at  midships  may  have  a smaller  design  acceleration  value  than 
the  tank  nearest  the  bow  which  has  the  maximum  value. 

CONCLUDING  REMARKS 

The  LNG  ship  series  response  data  base  presented  In  this  report  is 
applicable  to  ship  design/naval  engineering  problems.  Examples  of  applications 
to  several  such  problems  have  been  given.  Though  the  data  base  was  developed 
primarily  for  determining  extreme  accelerations  of  LNG  cargo  tanks,  It  Is 
not  limited  to  such  use.  In  fact,  it  Is  expected  that  In  the  future,  when 
LNG  Carriers  are  employed  to  transport  denser  cargoes  than  liquid  natural  gas, 
the  response  data  base  presented  herein  will  still  be  applicable  as  long  as 
design  displacement/load  conditions  are  maintained. 

A major  feature  of  the  data  base  is  that  the  ship  responses  are  defined 
for  one  foot  significant  wave  height  two-parameter  sea  spectra.  This  permits 
simple  scaling  of  the  so-called  unit  wave  height  ship  responses  to  arbitrary 
wave  heights  for  specified  modal  wave  periods.  As  more  and  more  oceanographic 
data  becomes  available.  It  is  expected  that  changes  will  occur  for  observed 
and  measured  extreme  wave  height  and  modal  wave  period  combinations,  as  used 
to  determine  design  accelerations  in  Reference  2.  The  LNG  ship  unit  wave 
height  response  data  base,  stored  on  a digital  magnetic  tape,  can  be  easily 
applied  as  new  extreme  wave  data  become  available. 

Another  more  basic  feature  of  the  data  base  is  that  the  wide  range  of 
speeds,  headings,  and  modal  periods  covers  all  conceivable  values  of  these 
variables.  Thus,  It  is  considered  that  the  ship  response  data  base  represent J 
the  range  of  all  possible,  physically  realizable  ship  responses. 

In  conclusion,  it  Is  considered  important  to  note  that  the  seakeeping 
performance  of  any  existing  ship  class  or  new  ship  class*  can  be  rationally 
evaluated  by  constructing  the  type  of  data  base  presented  in  the  present 
report.  Of  course,  the  type  of  ship  responses  considered  Important  might 
differ  from  the  ones  presented  in  this  report  for  LNG  Carriers. 

A 

With  hull  forms  similar  to  the  LNG  ships  or  hull  forms  for  which  the  basic 
ship  response  prediction  accuracies  have  been  established. 
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10  KNOTS  - PREDICTED  RESPONSE  AMPLITUDE  OPERATORS 


WAVE  FREQUENCY,  o),  RADIANS/SECOND 


Figure  k - Bretschne Ider  Two-Parameter  Spectral  Family 
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SWAY  AMPLITUDE/WAVE  AMPLITUDE,  y./c 


< 


SHIP  A 


30  DEGREES,  20  KNOTS 


WAVELENGTH/SHIP  LENGTH,  x/Lpp 


Figure  5 - Typical  Occurrence  and  Fix  of  Large  Ship  Motion  Prediction 
for  Near  Zero  Wave  Encounter  Frequency, 
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ON'"-  nondihensional 


Typical  Naval  Oil  Tanker  at  Resonance  In  Beam  Waves 


Figure  7 “ Spectral  Closure  Procedure 
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EXT.  VER.  ACC.  AT  CENTER  OF  FWD  TANK, 


WORLDWIDE  EXTREME 


Figure  9 - Comparison  of  Predicted  Design  Accelerations  with 
Existing  Rules  from  Reference  2 


Figure  Ila  - Five  Series  Ships.  Base  Load  Conditions,  Bow  Seas 


Figure  11  - Influence  of  Spatial  Variation  Within  Ship  on 
LNG  Ship  Series  Acceleration  Predictions 
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Figure  lla  - Five  Series  Ships.  Base  Load  Conditions,  Bow  Seas 


Figure  11  - Influence  of  Spatial  Variation  Within  Ship  on 
LNG  Ship  Series  Acceleration  Predictions 
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APPENDIX  A 

MOTION  LIMITS  IN  QUARTERING/FOLLOWING  WAVES 


Extremely  large  values  for  surge,  sway  and  yaw*  RAOs  are  predicted  by 
the  equations  of  motion  based  on  the  linear  theory  of  Salvesen,  Tuck,  and 
Faltinsen.  The  large  values  occur  for  higher  ship  speeds  In  quartering  and 
following  waves,  I.e.,  at  near  zero  encountered  wave  frequencies.  The 
situation  did  not  occur  In  the  pilot  Investigation^  because  only  a long  LNG 
Carrier,  Ship  D,  was  considered.  However,  In  this  work,  the  problem  Is  of 
Importance  to  the  smaller  ships  In  the  series. 

In  brief,  the  model  experiment  results  of  Baltls  (destroyer),^  Tasal 

8 9 

(tanker),  and  Wachnik/Zarnick  (aircraft  carrier)^  were  used  to  derive 

empirical  limits  for  surge,  sway,  and  yaw  transfer  functions.  These  limits 

were  then  used  to  modify  the  transfer  functions,  (/RA'O) , predicted  by  the 

NSRDC  Ship  Motion  and  Sea  Load  Computer  Program,  see  Figure  2.  Coupled  motion 

effects  are  not  considered. 

The  derived  limits  are 

Surge  : ” 0.817'*  + 5.946  • F^  - 0.020614  • w , 

Sway  : (y^/^A^^^  “ 0-0255  • p + 0.3  , 

Yaw  : (>l»A/^A^^tm  * 0.0206  • p + 0.275  for  p _<  40“  , 

: (V^A^ton  “ ’-^^5  - 0.0193  • p for  p > 40*  , 

for  0 ^ heading  angles,  p ^ 90  degrees 

and  Froude  number,  F < 0.4  . 

n — 

The  surge  limit  was  obtained  by  the  method  of  least  squares  and  must  always 
be  greater  than  or  equal  to  zero.  The  sway  and  yaw  limits  were  based  entirely 
on  the  largest  response  values  Independent  of  ship  type. 


Surge,  sway,  and  yaw  are  not  explicitly  contained  In  the  LNG  ship  response 
data  base  though  they  do  contribute  to  the  responses  at  a particular  point 
along  the  ship,  see  equation  12. 
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Figure  12  shows  the  limits  along  with  the  extreme  data  on  which  they 
are  based.  It  Is  noteworthy  that  only  surge  appears  to  be  speed  dependent 
whereas  all  three  responses  are  strongly  dependent  on  ship  heading  relative 
to  the  seas. 


Figure  3 presents  a typical  application  of  the  procedure  to  a sway 
transfer  function  In  quartering  waves.  For  this  heading,  30  degrees,  the 


empirically  derived  sway  limit,  1,06, 

sway  transfer  function  Is  limited  by  this  value,  e.g. 


Therefore,  the  computed 
, the  large  computed 


value  = 75.1  Is  reduced  to  y^/c^  “ 1.06. 
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YAW  AMPLITUDE/WAVE  AMPLITUDE,  SWAY  AMPL ITUOE/WAVE  AMPLITUDE,  SURGE  AMPLITUDE/WAVE  AMPLITUDE, 


SURGE  LIMIT 


SURGE,  SWAY,  OR  YAW  LIMITS 
MODEL  DATA 


F -0.15 


O DESTROYER,  F„  - 0.15  (REFERENCE  7) 

0 TANKER,  Fn  - 0.25  (REFERENCE  0) 

□ A/C  CARRIER,  F^  - 0.25  (REFERENCE  9 ) 


SWAY  LIMIT 


ALL  SPEEDS 


YAW  LIMIT 


ALL  SPEEDS 


/ N 


HEADING,  |j,  DEGREES 

Figure  i2  ■ Extreme  Surge,  Sway,  and  Yaw  Limits  at  Near  Zero  Frequencies 
of  Encounter  and  the  Associated  Model  Data 


APPENDIX  B 

ROLL  CORRECTION  FACTOR 


Ship  response  predictions  are  usually  made  by  assuming  the  responses 
to  be  linear  with  wave  height.  Roll  Is  considered  to  be  the  most  nonlinear 
ship  response  for  the  conventional  monohulls  under  examination  In  this  report. 
Thus,  roll  nonl Inearl  ties,  and  their  effect  on  the  predicted  RMS  roll  angles, 
are  of  Importance  to  this  work. 

The  linearity  assumption  departs  from  reality  for  high  wave  heights  as 
shown  for  roll  motion  In  Figure  6,  which  Is  taken  from  unpublished  NSRDC 
model  experiment  results.  Also  shown  on  the  figure  are  the  corresponding  roll 
responses  predicted  by  linear  theory.^  Clearly,  In  Figure  6a,  the  predicted 
roll  amplitudes  are  too  large  for  higher  wave  heights,  I.e.,  wave  heights 
exceeding  30  feet.  Furthermore,  Figure  6b,  which  presents  the  data  of 
Figure  6a  In  nond Imenslonal  form,  shows  that  roll  amplitude  per  unit  wave 
height  (actually  wave  slope)  Is  reduced  as  1/wave  steepness  decreases  (or 
as  wave  steepness  Increases  and  wave  height  Increases).  The  measured  roll 
amplitudes  per  unit  wave  slope  are  essentially  linear  for  wave  steepnesses 
less  than  1/80  (or  1/wave  steepness  greater  than  80) . At  greater  steepnesses, 
the  measured  roll  rapidly  becomes  nonlinear.  The  use  of  greater  steepnesses 
(or  higher  wave  heights)  is  of  foremost  concern  in  this  work  because  the 
primary  purpose  of  the  RMS  unit  wave  height  response  data  base  is  to  predict 
LNG  ship  responses  in  extreme  seas.  Figure  6 clearly  shows  that  roll  is 
overpredicted  for  the  higher,  steeper  waves. 

Therefore,  a so-called  roll  correction  factor  for  these  extreme  waves 
has  been  developed  to  prevent  predicted  roil  In  extreme  seas  from  being 
excessively  conservative,  i.e.,  large.  This  factor  is  equal  to  the  ratio  of 
roll  at  resonance  in  waves  of  1/20  steepness  divided  by  the  roll  at  resonance 
In  waves  of  l/80  steepness.*  The  factor  was  established  for  a large  number 


Predicted  roll  and  measured  roll,  at  resonance,  have  been  shown  to  agree 
reasonably  well,  over  a range  of  speeds,  for  wave  steepnesses  of  l/80, 
see  Reference  6. 
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of  ship  headings  and  speeds  and  It  was  found  that  the  roll  predictions  at 
l/80  steepness  are  valid  (the  roll  correction  factor  approaches  1)  for  all 
but  headings  from  0 to  90  degrees  and  speeds  of  15  and  20  knots.  For  these 
cases,  the  factor  was  constant  across  heading  and  decreased  with  Increased 
speed.  For  15  knots  the  factor  Is  0.73  and  for  20  knots  Is  0.53.  The 
factor  Is  applied  to  the  predicted  RMS  roll  angles  of  the  data  base  of  this 
report  because  the  data  base  Is  primarily  Intended  for  future  prediction  of 
extreme  sea  ship  responses. 
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APPENDIX  C 

VALIDATION  OF  PERIODS  ASSOCIATED  WITH  EXTREME  RESPONSES 
USING  FULL-SCALE  AND  SIMULATION  DATA 

Since  some  of  the  proposed  regulations  regarding  LNG  tank  design  acceler- 
ations are  written  in  terms  of  both  the  locations  in  the  ship  as  well  the 
ship's  natural  roll,  pitch  and  heave  periods,  the  USCG  repeatedly  inquired  as 
to  procedures  by  which  the  periods  could  be  associated  with  extreme  or  design 
accelerations.  In  a recent  Navy  sponsored  project,  the  modal  encountered 
period  was  shown  to  be  related  directly  to  the  maximum  ship  responses.  This 
relationship  was  established  by  demonstrating  that  the  zero  crossing  period 
associated  with  the  maximum  response  cycle  corresponds  closely,  i .e,  , within 
about  ^ 10  percent,  to  the  encountered  modal  period,  T^^.  C^OE 
period  corresponding  to  the  peak  of  the  encountered  response  spectrum.)  The 
Navy  project  represented  the  first  time  such  a correlation  between  maximum 
response  and  associated  period  had  been  established  at  NSRDC.  Thus,  it  was 
essential  to  further  validate  the  relationship  before  adopting  it  for  use  in 
the  development  of  LNG  tank  design  accelerations.  Two  validation  investi- 
gations were  undertaken; 

1.  Verify  the  relationship  by  examining  predicted  response  time 
histories. 

2.  Verify  the  relationship  by  examining  full-scale  trial  response 
time  histories. 

1 

The  initial  Navy  work  used  predicted  time  histories  for  long  crested 
(uni -d i rect ional ) wind  waves  with  swell  superimposed  at  various  specified 
angles.  For  the  LNG  project,  this  validation  investigation  has  been  performed 
by  improving  the  realism  of  the  wind  wave  representation  to  short  crested 
(mul t i -d i rect ional ) seas.  Responses  were  computed  in  both  time  history  and 
spectral  form. 

The  short  crested  time  histories  were  simulated  from  the  work  of  Zarnick' 
as 

M N 

s(t)  = E E b • S|^  • cos  (wj^t  + Yji^)  (lA) 

J k 

' l»l 




where 


u)|^  + Aio/2 

S|^  “ [2  r s^(u)  du]  * 

a)|^  - A(d/2 


(15) 


and  s(t)  Is  the  wave  time  history,  bj  Is  a factor  for  angular  spreading  of 

the  wave  energy  (assumed  Independent  of  the  wave  frequency),  y..  Is  the 

J 

random  phase  angle  associated  with  the  heading  angle  and  the  wave  frequency, 

M Is  the  number  of  discrete  heading  angles,  and  N Is  the  number  of  discrete 
wave  frequencies. 

A cosine  squared  function  Is  used  to  spread  the  wave  energy  from  long 
crested  to  short  crested  seas,  I.e., 

Xj  + Ax/2 

bj  = ^ J cos2  Xj  dx  (16) 

Xj  - Ax/2 

where  Xj  Is  the  wave  direction  relevant  to  the  predominant  direction.  The 
response  time  history,  r(t).  Is 


M N 

r(t)  = I E R 
j k 


Ak 


b. 

J 


cos 


^jk 


(17) 


where  R^j^  and  are  the  amplitude  and  phase  of  the  frequency  response  functions 

at  u),.,  . 

Ek 

Figure  13.  adopted  from  Reference  2.  presents  typical  simulated  correlated 
wave  height  and  ship  motion  time  history  segments.  The  simulation  was  done 
for  a 30  minute  ship  exposure  to  the  extreme  seas  and  the  motion  segments 
shown  In  the  figure  are  for  the  period  of  time  In  which  the  maximum  vertical 
acceleration  cycle  occurs.  The  zero  crossing  period  of  the  maximum  acceler- 
ation cycle  Is  designated  as  on  the  figure.  The  encountered  modal  period 

derived  from  the  peak  of  the  acceleration  spectrum  Is  designated  as  It 

Is  readily  seen  from  this  typical  example  that  T^^  may  be  regarded  as  a good 
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estimator  of  For  example,  the  vertical  acceleration,  which  Is  con- 

sidered the  most  Important  of  the  three  accelerations,  see  Reference  2,  has 
^MAX  ^oE  within  10  percent  of  Its  true  value.  The  longi- 

tudinal acceleration  Is  estimated  with  similar  accuracy.  The  lateral  acceler- 
ation Is  estimated  to  within  20  percent  of  Its  true  value. 

The  second  validation  Investigation  consisted  of  the  re-analysls  of  four 
days  of  full-scale  trial  ship  motion  data.  Ship  speeds  varied  from  about  2 
to  27  knots  and  headings  varied  from  head  to  following  seas.  Sea  states 
varied  from  a low  sea  state  3 to  a low  sea  state  5.  A detailed  examination  of 
the  measured  data  Indicates  that  the  modal  encounter  period,  does  not 

predict  the  true  period,  as  well  as  was  Indicated  In  the  predicted  time 

histories.  Predicted  time  histories  generally  resulted  In  T^^  estimating 
^MAX  within  10  percent.  However,  T^^  for  the  vertical  acceleration 
estimated  T,,.„  to  within  + 10  percent  only  about  57  percent  of  the  time,  though 

nAX  — 

95  percent  of  the  time  was  estimated  to  within  ^ 20  percent.  Thus,  T^^ 
estimated  reasonably  well  for  the  most  important  acceleration,  i.e., 

for  LNG  tank  design,  95  percent  of  the  time.  This  estimate  is  valid  even 
when  Tq^  values  for  other,  less  important,  ship  response  variables  do  not 
necessarily  predict  the  associated  with  their  respective  maximum 

responses. 


Figures  14  and  15  illustrate  response  spectra  and  their  corresponding 

T-,.  and  T^.^  values  for  two  specific  full-scale  trial  conditions.  Figure  14 
Ut  MAa 

represents  a typical  case  where  T^^  accurately  estimates  fo'"  si*  ship 

response  variables.  Figure  15  illustrates  a typical  case  where  T^^  fails  to 

estimate  T^.,,  accurately  for  all  ship  responses.  However,  in  this  latter 
nAA 

case,  even  though  pitch,  roll,  lateral  and  longitudinal  accelerations  as  well 
as  vertical  stern  motion  do  not  have  their  respective  predicted  to 

within  the  + 20  percent  tolerance,  Tq^  does  accurately  predict  for 

vertical  acceleration.  It  is  considered  likely  that  the  apparent  failure  of 
Tq^  to  predict  Is  related  to  the  presence  of  swell  in  the  seas  and  in 

particular  is  associated  with  the  angle  between  the  wind  sea  and  the  swell. 
This  conclusion  Is  substantiated  In  part  upon  examination  of  the  wave  spectra 
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that  were  measured  in  conjunction  with  Figures  H and  15i  see  Figure  16,* 

The  wave  spectrum  of  Figure  I6a,  measured  about  one  hour  prior  to  the  ship 
motions  of  Figure  1^*,  shows  one  predominant  peak  which  Is  due  to  the  local 
wind  driven  sea.  However,  the  spectrum  of  Figure  16b  measured  about  two 
hours  after  the  ship  motions  of  Figure  15,  shows  two  major  peaks  which 
Indicates  the  presence  of  swell  with  the  local  wind  driven  sea.  It  Is  this 
presence  of  several  major  frequency  components  In  the  sea  that  appears  to 
cause  the  failure  of  to  estimate  in  Figure  15. 

In  summary,  it  has  been  shown  that  the  encountered  modal  period 

of  the  response  spectrum,  is  generally  a reasonable  estimator  of  the 

period  of  the  maximum  response  cycle,  for  cases  where  the  seaway  Is  represented 
by  an  energy  spectrum  that  is  single  peaked  such  as  a Bretschnelder  spectrum, 
see  Figure  ^4,  or  a measured  sea  spectrum  such  as  In  Figure  16a.  For  cases 
where  the  seaway  contains  large  amounts  of  energy  at  several  distinct  frequency 
ranges,  e.g.,  see  Figure  16b,  does  not  appear  to  be  a valid  estimator  of 
^MAX'  investigation  of  the  relationship  between  and  will  be 

done  as  more  full-scale  ship  response  and  wave  height  data  become  available. 


It  is  considered  that  these  spectra,  though  not  measured  simultaneously 
with  the  ship  motions  of  Figures  lA  and  15,  show  the  general  characteristics 
of  the  seas  at  the  times  that  the  motions  were  measured. 
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Figure  13  “ Typical  Predicted  Short  Crested  Wave  and  Ship 
Response  Time  History  Segments  from  Reference  2 


PITCH  SPECTRUM.  ROLL  SPECTRUM,  VERTICAL  STERN  MOTION  SPECTRUM 

DEGREES'  • SECONDS  DEGREES'  SECONDS  FEET'  SECONDS 


065  524  962  1 440  1 098  066  624  982  1 440  1 898 

ENCOUNTERED  FREQUENCY, . RAOIANS/SECOND 


Figure  - Favorable  Comparison  of  and  from 
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VERTICAL  ACCELERATION  SPECTRUM.  LATERAL  ACCELERATION  SPECTRUM  LONGITUDINAL  ACCELERATION  SPECTRUM 
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VERTICAl  ACCEtERATIONSRECTRUM  LATEHAl.  ACCELERATION  SPECTRUM.  LONGITUDINAL  ACCELERATION  SPECTRUM 
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LOW  SEA  STATE  5 

SIG.  WAVE  HT.  - 8.9  FT 

MAX.  WAVE  HT.  - 13.8  FT 


Figure  16a  - 


WAVE  FREQUENCY,  u,  RAD/SEC 

Measured  Wave  Spectrum  Related  to  Measured 
Ship  Motions  In  Figure  |l» 


HIGH  SEA  STATE  k 

SIG.  WAVE  HT.  = 6.9  FT 
MAX.  WAVE  HT.  » 12.1  FT 


WAVE  FREQUENCY,  u),  RAD/SEC 

Figure  l6b  - Measured  Wave  Spectrum  Related  to  Measured 
Ship  Motions  In  Figure  15 


Figure  16  - Measured  North  Atlantic  Sea  Spectra 


APPENDIX  D 

LNG  SHIP  RESPONSE  DATA  BASE 

r 

' \ 

Table  2 presents  a summary  of  the  tables  and  figures  which  comprise  the 
LNG  ship  response  data  base  presented  In  this  appendix.  RMS  ship  responses, 
I.e.,  heave,  roll  pitch,  and  longitudinal,  lateral,  -and  vertical  acceler- 
ations at  the  center  of  the  forward  tank,  as  well  as^ the 'assoc lated  periods, 
Tq^,  are  given.  As  the  data  are  primarily  Intended  ^or  prediction  of  ship 

responses  In  extreme  seas,  the  RMS  roll  values  have  been  reduced  by  the 

•> 

appropriate  factors  discussed  In  Appendix  B.  The  accelerations  are  all 
multiplied  by  100.  A ship  heading  angle  of  0 degrees  represents  following 
seas  and  180  degrees  represents  head  seas. 

The  figures  consist  of  two  types.  The  first  type  presents  the  RMS 
response  surfaces.  Figures  17  to  21.  Each  of  these  figures  contain  a given 
speed.  Tha  surfaces  are  functions  of  ship  heading  and  sea  condition  (modal 
wave  period).  No  representat Ion  of  the  periods  associated  with  the  responses 
is  given. 

The  second  type  presents  the  response  density  plots.  Figures  22  through 
30.  The  density  plots  show  RMS  responses  versus  the  associated  periods,  T^^. 
Each  figure  is  for  a given  ship/load  condition  and  contains  response/period 
pairs  for  all  headings,  speeds,  and  sea  conditions. 

Tables  3 through  1*8  contain  the  responses  and  periods  for  ship  speeds 

of  0,  5 20  knots,  ship  sheadings  of  0,  15.  . • 180  degrees  in 

short  crested  seas  with  modal  periods  7,  9,  • • •»  21  seconds  and  significant 
wave  heights  of  one  foot.  Each  table  is  for  a given  response  type,  e.g., 
heave.  For  Ships  B and  C,  which  each  have  three  load  (GM)  cases,  heave  and 
pitch  tables  are  given  only  once  as  they  do  not  change  with  the  variations 
in  GM. 
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TABLE  2 - DESCRIPTION  OF  DATA  BASE  PRESENTATION 


0 degrees  Is  following  seas,  loO  degrees  Is  head  seas. 

All  accelerations  are  x 100  and  at  center  of  forward  tank. 


LNG  SERIES 

ROOT  MEAN  SQUARE  RESPONSE  SURFACES 
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HEAVE. 


Figure  21  - RMS  Response  Surfaces  of  LNG  Series,  20  Knots 
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Figure  26  - Ship  C,  GM  = 2 Ft,  Root  Mean  Square  Responses 
versus  Encountered  Modal  Periods 
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Figure  30  - Ship  E,  Root  Mean  Square  Responses  versus 
Encountered  Modal  Periods 
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ACCELERATIONS  (xlOO)  AT  CENTER  OF  FORWARD  TANKS,  G S 


TABLE  3 - SHIP  A,  ROOT  MEAN  SQUARE  HEAVE  RESPONSES,  UNIT 
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Nure:  V IS  Snip  sPEto  ;n  knofs  and  r is  huoal  mave  perioo  in  seconds. 


TABLE  4 - SHIP  A,  ROOT  MEAN  SQUARE  ROLL  RESPONSES,  UNIT 
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NOTE:  V IS  SHIP  SPEED  IN  KNOTS  AND  T IS  MODAL  MAVE  PERIOD  IN  SECONDS 


TABLE  5 - SHIP  A,  ROOT  MEAN  SQUARE  PITCH  RESPONSES,  UNIT 


note:  V lb  SHIP  SPEED  IN  RNOIS  AND  I IS  MODAL  KAWE  PEHIOU  IN  SECONDS 


TABLE  7 - SHIP  A,  ROOT  MEAN  SQUARE  LATERAL  ACCELERAT 
AT  CENTER  OF  FORWARD  TANK,  UNIT 
SIGNIFICANT  WAVE  HEIGHT 
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note:  V !':>  snl^  SHetD  IN  KNUfS  AND  T IS  MuOAt  «AvE  PERIOD  IN  SECONDS 


TABLE  8 - SHIP  A,  ROOT  MEAN  SQUARE  VERTICAL  ACCELERATIONS 

AT  CENTER  OF  FORWARD  TANK,  UNIT 
SIGNIFICANT  WAVE  HEIGHT 
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NOTE)  V IS  SHIP  SPEED  IN  KNOTS  AND  T IS  MUDKL  NAVE  PERIOD  IN  SECDNOS 


TABLE  9 - SHIP  B,  ROOT  MEAN  SQUARE  HEAVE  RESPONSES,  UNIT 

SIGNIFICANT  WAVE  HEIGHT 


note:  V lb  SHIP  SPEtO  IN  KNUIS  AND  T IS  NUDAL  MAVE  PERlUO  IN  SECONOS, 
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72 


T MEAN  SQUARE  ROLL  RESPONSES  , UNIT 
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NOTEl  V IS  SHIP  SPEED  IN  KNOTS  ANO  T IS  NODAL  SAVE  PERIOD  IN  SECONDS, 


TABLE  12  - SHIP  B,  GM  = 1.5  FT,  ROOT  MEAN  SQUARE  LONGITUDINAL 
ACCELERATIONS  AT  CENTER  OF  FORWARD  TANK,  UNIT 
SIGNIFICANT  WAVE  HEIGHT 


note:  V IS  SHIP  SPEED  IN  KNOTS  AnO  T IS  MODAL  HAVE  PERIOD  IN  SECONOS. 


I'iOJb  ANU  ? IS  Mi)l)AL  aAvt  PfOlOO  IN  SECONOS 


TABLE  U - SHIP  B.  GM  = 1.5  FT,  ROOT  MEAN  SQUARE  VERTICAL 
ACCELERATIONS  AT  CENTER  OF  FORWARD  TANK,  UNIT 
SIGNIFICANT  WAVE  HEIGHT 
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NOTE:  V IS  SHIP  SP£EO  IN  KNOTS  AND  T IS  NODAL  HAVE  PERlOO  IN  SECONDS 
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NOT£t  V lb  bnlK  bHCbU  IN  ANUTb  ai4U  T lb  Modal  kAVE  PEHIOO  IN  SECUNQS, 


TABLE  16  - SHIP  B,  GM  = 3 ft,  ROOT  MEAN  SQUARE  LONGITUDINAL 
ACCELERATIONS  AT  CENTER  OF  FORWARD  TANK,  UNIT 
SIGNIFICANT  WAVE  HEIGHT 
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NOlE:  V IS  i>MiP  Sf^EtO  iN  KNOTS  AND  T IS  muOAL  WAVE  PtmOO  IN  SECONDS. 


TABLE  17  - SHIP  B,  GM  = 3 FT,  ROOT  MEAN  SQUARE  LATERAL 
ACCELERATIONS  AT  CENTER  OF  FORWARD  TANK,  UNIT 
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NOTEl  V iS  SHIP  SPEED  IH  KNOTS  ANO  T IS  NODAL  WAVE  PERIOD  IN  SECONOSc 


TABLE  18-  SHIP  B,  GM  = 3 FT,  ROOT  MEAN  SQUARE  VERTICAL 
ACCELERATIONS  AT  CENTER  OF  FORWARD  TANK,  UNIT 


NOTE:  V lb  SHIP  SPEED  IN  KNOTS  AND  T IS  HUOAL  MAVE  PERIOD  IN  SECONDS. 


TABLE  19  - SHIP  B,  GM  = 6 FT,  ROOT  MEAN  SQUARE  ROLL  RESPONSES,  UNIT 


NOie:  V lb  SHIP  SPEtO  In  knots  anu  t is  modal  have  period  in  seconds 


TABLE  20  - SHIP  B,  GM  = 6 FT,  ROOT  MEAN  SQUARE  LONGITUDINAL 
ACCELERATIONS  AT  CENTER  OF  FORWARD  TANK,  UNIT 
SIGNIFICANT  WAVE  HEIGHT 
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NOTE)  W IS  SHIP  SPEtO  IN  KNOTS  AND  T IS  MODAL  HAVE  PERIOD  IN  SECONDS 
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Wim  <t  IS  smU'  SfttO  IN  NNUIS  kNU  T IS  noOkl.  MVl  PtBlOO  IN  SICONOS, 


TABLE  22  - SHIP  B,  GM  = 6 FT,  ROOT  MEAN  SQUARE  VERTICAL 
ACCELERATIONS  AT  CENTER  OF  FORWARD  TANK,  UNIT 
SIGNIFICANT  WAVE  HEIGHT 
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NOICI  V IS  SHIP  SPEtO  IN  KNOTS  M40  T IS  MOOM.  HAVE  PEHIOO  IN  SECONDS, 
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note:  V IS  SHIP  SPEfcO  (N  KNOTS  ANO  T IS  MODAL  WAVE  PERIOD  IN  SECONDS. 


TABLE  2k  - SHIP  C,  ROOT  MEAN  SQUARE  PITCH  RESPONSES,  UNIT 
SIGNr  “.ANT  WAVE  HEIGHT 
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NOTES  V IS  SHIP  SPEED  IN  s^NOfS  AND  T IS  NOOAL  «AVC  PCAIOO  IN  SCCONOS. 


TABLE  26  - SHIP  C,  GM  = 2 FT,  ROOT  MEAN  SQUARE  LONGITUDINAL 
ACCELERATIONS  AT  CENTER  OF  FORWARD  TANK,  UNIT 
SIGNIFICANT  WAVE  HEIGHT 
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NOTE:  V lb  bMlH  SPEtU  IN  KNOTS  AND  T IS  MODAL  HAVE  PERIOD  iN  StCONOS, 
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NOTC:  V l!>  S>»FtL>  IN  KNUl’»  AND  t 1'^  MuOAL  »Av£  PtMlOO  IN  StCUNQS 


TABLE  28  - SHIP  C,  GM  = 2 FT,  ROOT  MEAN  SQUARE  VERTICAL 
ACCELERATIONS  AT  CENTER  OF  FORWARD  TANK,  UNIT 
SIGNIFICANT  WAVE  HEIGHT 


UJl/t 

So 


t « « -O  ^ 9 


) » » M 'n  t 


N’SXW’SNN 

oh>ee9f^irtn 

— 


C09‘O'«(MN<n-t 


XXX'VXNNN 
— — (NiM—  — — — 


xxxxxxxx 

NOfgfVJOA'A^ 


aj  ^ a>  o ^ m r\in 


xxxxxxxx 

— — — — 


• ••••••• 


XXXXXXXX 
lA  ^ 0 o ^ <M 


0^9>OOO«i«>M 


xxxxxxxx 

«no«i^«0«w> 


®^9>o9ao*M 


xxxxxxxx 


0^9>O9O>«^ 


XXXXXXXX 


infNjpn®®  — ® 

• ••••••• 


XXXXXXXX 

— 'NjMftltM  — — — 


®>aa— 'NKNj'^ 


xxxxxxxx 
O'  •»  •C  -9  <st  4 ■» 
n f\i  t 9 c t 

— — — — 


a)«oe>^(W'Mn^ 


xxxxxxxx 

— « — 


vn  ►“  f>i  ® 0 ^ 

0 9 M Ai  r>  m . 


xxxxxxxx 

O0<^O>*0l/^*n 


XXXXNXXX 

#»onrw®®(V 


r».»  — — 


(/)fV®t/>®  Ai®® 


XXXXXNNX 


®(M®®SM'VI® 


9*  ^ e o « 


XXXXXNXN 

oo®^>i^i^or» 


^M«m®  ®n® 
®9‘9>009«««* 


X X X X X 


®^{>ooo  — — 


XXXXX  XXX 

">  ® > 

^^®®®<*>o^ 


®9>90ooeo 


xxxxxxxx 

njr>.«NO.«®e® 

®®o>®<^o»» 


a<>>9‘9'0®oo 


xxxxxxxx 


®9>9‘9‘0®00 


XXXXXXXX 

e®®f^®'*)'r® 

®r»9>r>^9  <4®® 


0(7k(^>O9OO 


XXXXXXXX 

®®9>®X'V<^ 
^•®»®f^J>►“•» 
— fg«X<\|A4-*  — 


XXXXX  XXX 
®^/>‘^9  O®^ 


09>9>9n  ♦®® 


XXXXX  XXX 
«0^9S  c^f>j 


• ••••  ••• 


xxxxxxxx 
9r>®^-fx®^» 
rg»»  »N.® 


{V)®»».»mor»® 

• •••■••• 


- X X X X XXX 
9iv*^®®<*t(r® 


®®®f^®®f“® 


If-  9-  rsi  n * t/i  t/>  <C 


XXXXX  XXX 

9‘®®r^e®®9 


P»09>9.9.AOO 


XXXXXXXX 

®(WOAJO>^9® 

®0®»*>A49>®AJ 


) 9 9 9 ® O O 


xxxxxxxx 

®0«(\i90^® 

oN<*>^**>njN‘X 


. <v  « c M ^ 


r^«999e®o 


xxxxxxxx 

®on®r»®mfv 


■ ••••••• 

®®9999eO 


XXXXXXXX 
— 0®® 


• Oi®  ® « ««  X 


>999900 


XXXXXXXX 

®r>(^J'^>e®no 


nf^M®®®®** 

• ••••••• 

®®999990 


XXXXXXXX 

r-SfX-M®-*-*® 


®S99999e 


XXXXXXXX 

inf^^«f*>®®9 

®«oO«®iX9® 


®f»®®®»‘-  — 
®®999900 


XXXXXXXX 
®9®r<^f>-®<M9 
r-®f^®^X9^»•» 
-•rgftiMOj-*  — — 


®r*®«  — ®®o 


s®99ooo^ 


xxxxxxxx 

-»9®0-»9^*X 

B-X'->X>®9X 


®^®®®®®9 

®«900®'>»X 


xxxxxxxx 

Om®(XMIX®0 

«>9X®9M'^ 


®®®M®®9® 

®90®®h>®® 


xxxxxxxx 

«9®®'^9®<» 
^^®90  — 09 


eo®®r«f^S9 


■kXXXXXXX 

>«>e9fvmf*>9 


>^®r»®o®®9 

oo®®r^^®9 


xxxxxxxx 
®n®®®r>90 
090009  9® 
0-9-—  — — 9*0'0' 


fik9Mn®h«9<-* 


®®OI>J®®®® 

r<>9999999 


XXXXXXXX 

o<^«o®«^o 

®e(n9®®**® 

OM#nr>rt««N 


^»®9(W®®®® 

^>•999999 


XXXXXXXX 
9'««0®4*>#K^ 
• «a<n9«®-*»> 


9®Of^®®®« 


xxxxxxxx 

(Nm®^>®n®® 


<*)®Of>4®®®® 

«®999999 


XXXXXXXX 

0®M9rM®9i*l 

®®®^®f^4®® 


'*>®0'VI>l®®® 

«•••#••• 

®®999999 


XXXXXXXX 

®®o®««®®® 

®f»®®#0®**> 


<n®eN(M®®® 

09999999 


XXXXXXXX 

(V»in«9>«®'«o 

®9fnn>«*»®-« 


®®9^rg®®® 

«®999999 


xxxxxxxx 
9r^'*>®®««erv 
9^‘•^or>  o<mo 


®^•  onjnjiv®® 
9®999999 


XXXXXXXX 

®®xo.^O#«.® 


®»-  XMX®®® 

90999999 


XXXXXXXX 
99N®o®n® 
«■>>•>—  999f\J 
— — — 


®>Vr\|i\t®®'*>9 


99999990 
M •>< 

XXXXXXXX 

■fn«*>«®o-fo 


®lMtno099*»* 


®99<WOOOm 
•M  IX  (\j  Oi  rg 

xxxxxxxx 
Mh-®®^  — OO 
*-m'nN-^o9  9 


® ftj  ® fn  n 9 ► 


99igoOOM.« 
»«  (M  (g  M (Nl  fV 

xxxxxxxx 

►»®r»#®  — ♦»>* 

K999®®l>»® 

90000000 


®igoeoe*^«« 
««  M (g  M <g  N M 
xxxxxxxx 
®<*>o-«®®®(g 

®p>«®K^®® 

OO'OOO'OO'O' 


K9««<n®f*>9>« 


tg  n ® o e o 

• ••••* 
®®®99999 

XXXXXXXX 


«f»oo®®®(g 
^ 9 ® ® 4 m 
0««n444f*»A 


®n®ooe^«g 


rw(nKooo<g<g 


xxxxxxxx 
oof^m^o^® 
Min®<^^o®«« 
— <g'^®99«<n 


K«*>KoooigM 


k®«99999 


XXXXXXXX 

OONO^po®® 

«*i®p'>'g««p»«n9 


o'^^ooo^rg, 

9®«99999 


XXXXXXXX 


o®^>oooo(g| 
9®  S99999 


XXXXXXXX 

o(gM®fg®9® 

«®®®®e®<n, 


0^*f^90000 

90099999 


XXXXXXXX 

^>®»g  — ® — o® 
®^>(g(g9®'g9, 
— «g»nrtig<gN—i 


00900000 
999999  99 


XXXXXXXX, 

XXOO'*><^®>a 

®®®*»®M®® 

«*  <g  fg  <g  fg  fg  ««  * 


0900900X1 

99999999 


X X X X X X X 
►•®990®-»®, 
®—  X — 9®-»Xl 
-■  X X X — - 


oeooxxx'*) 

• ••-••*• 

9999999 


XXXXXXXX 
X®®o  — 

♦ f‘»»®#X09 


oxx®'*>fnxx| 


9999*^1^®®, 
X X X X 
XXXXXXXX 
9®<*>X0®«0 
oxX'«o®^>^> 


> ®.o  <*>  n X X r 


999n<n®®r« 
XX  X X x| 
xxxxxxxx' 
fnnxr«'*-®o® 

f*.®®l>»N.®®®| 

ooooooc~  ~ 


» o n X X oi 


9®9nin®®h*, 
«•  M XX  X X X 
xxxxxxxx’ 
x««nxep>n9 
®®®®®®®®, 
O-O'O-O-O'O-O'O 


r^9-*r»®9*9-- 


90 


J 


NOTE:  V IS  SHIP  SPEED  IN  KNOTS  ANO  T IS  MODAL  «AVE  PERIOD  IN  SECONDS. 


e 

* 'vNSNXNVV  V'^VNV’VN.V*  VVNN.V'v'sN 

M iAa)c(^e(Njf^«  4\tf^<0ofst*^-9 

oooOi«M«rtM  oooe>«>»iMMa  oeeoMMM.* 

eoeoeooo  oooooeoo  eoeooooo 


• •••••••  •••••••• 

l/l99<V'*T^CO  99»^f^999 


NVNNNXNN  SXNNXXSN 
oooeM«M««M  oeooMM^aM 

oooooooo  oooooooo 


9 f*.  ^ K o o » ^ « iri  « «« -«  o «*>  X in  <v  IX  « o kn  9 

r<^co<\j'*>^^oix 

in 

-•  NXXXXXVX  SXXNXNXX  XNNNXXXX 

•m  r>^9oix^ir4>  in^-^oft^^in<  m^®onj^in< 

000>«*«^««>«  000««MaM>MiM 

oooooooo  oooooooo  oooooooo 


/noooi^oo^i  o^jn-.#in*no 


pte0Mnooem  f»-o-«r^in®oni 
XXXNXXXX  XSNXNVNN 

®— «-*tn^*«o  ►•o«x^inf*-®o 


o<x®«<«in^<.r|  inino>*r^on^ 


r»-o  — 

M IX 

XNNXXXVX 

^oix^in^^®^ 


h.oo<x'n*«^oo 

XXXXXXNxI  XXNXXNNN 
®oix'*>4n*^®ol  ooni'nmo®® 

oeooooooi  oooooooo 


r>.o  — r>®®o<x  o n in  ® o <x 

XNXXXNXX  xxxxxxxx 
o m ® f**  o -•  «x  •»  o'^\n»»o  — fxn 

>M<MMaM.^ixrx(X  o-4«4>«m(X(xix 
oooooooo  oooooooo 


F»0^fx^h>0>« 
— — — — — rx 
xxxxxxxx 
Oni/M'.^O'X'^ 
o — — — — IXIX<X 
oooooooo 


X'00<X'f**>00  ^•OOfXnfoOO 
— — — — — IX  — — — — — A* 

xxxxxxxx  xxxxxxxx 
o M in  o o fx  lA  o'xin**»o  — 
o — — — — Mrxix  o — — — — ix<xn< 
oooooooo  oooooooo 


I 


• ino  — ^‘oo.rl  *»'in®  — mom^l  a.u 


'n  — oominooi  9>oix.r^ino> 


h>o  — nmoorx  ^-o- nmooM 

^MM«MfX<X  — — — — (XfX 

xxxxxxxx  xxxxxxxx 

— o®orx-»in®  — in«eix-fin« 

— — — (XIXIXIXIX  — — — IX<XIVi<Nl<\l 

oooooooo  oooooooo 


r^o  — fx,»f*»^ix 
— — — — — rx 

XXXXNXXX 

— in®orx'*iin® 

— — — IXfXMfXX 
oooooooo 


■»ooiM<r*«>e  .#4— mmrooo 
MM  — — — — Mix  IAI^m—  — — — IX 

xxxxxxvx  xxxxxxxx 

— inooexmtn®  — o — — ix^ino 

— — — IXIX<X(XIX  IXiXiXiXiXlXiVN 
oooooooo  oooooooo 


>ininof-|  oooooooo 


fi^^Mmin®oi^  r^o— nmoon  — ix^^^ox 

— — — — fxix  MM— Mixni  — — M — fxix 

xxxxxxxx  xxxxxxxx  XXXXVXXX 

(X^oix-fOK®  fx^“Olx>»ln^•®  ix»*»o«x^in»**» 

M— ix'X'xnjrxrg  — — rxixixixixix  — — iXfxrxfXiXM 

oooooooo  oooooooo  oooooooo 

i*.ino  — '“•o>'^  ^j^fx  — ■oorn 


o®««®s®® 
M — — — — — — ^ ‘xniix'xix^ni^ 
xxxxxxvx  xxxxxxxx 
•»®oix<tinf>9  ®®  — inivoo  — 
m — xixmixixix  ^^^i-imioi^m 
oooooooo  oooooooo 


I y > 9 c -c  ■c -c  « 


r^J*  — injlOOO  “•O—  'OJ^»OI^  »**0  — <XJ>»0IX 

— — — MIX'X  — MM—  Xl\j  MM—  M — fX'X 

xxxxxxxx  xxxxxxxx  xxxxxxxx 

r>f^  — <Oin®A»®  lA®— ^®  — 
MMiMnjrgiMAjAi  — — (\irMr\JXIXI\l  — — iXIXXlIXMlV 

OOOOOOOO  oooooooo  oooooooo 


S'O*®®®®®® 
M — — — — — AjIVl  •XXlINjXXlX'^X 
XXXXXXXX  xxxxxxxx 
ntn4)^®i>oix  m®®— ®ix  — o 
— — — — — — iMAj  ^^oriAjnjxnj 

oooooooo  oooooooo 


•00>'n'l 


xr  — -nj^oo-n  x:>  — -AX* 

M-M  — ryM  — MM 

XXXXXXXX  xxxxx 

M»“OX.»in®x  lA—ox-# 

— — XXXIXXIX  MMftji\j«vj 

oooooooo  ooooo 

xn®  — •no>\j  >nMf-^o^ 


r\lOAlX»n  ©MrA 
MMMMmM'V'X 
XXXXXXXX 
iT^-  X^J'O® 
mmIXiXXiXXIX 
oooooooo 


inn^n^nj^inx^  >>»>>»>© 

rs.p..r-^X  — MiM  5‘>>>a‘0‘>® 

— MMMMMAJAJ  IMXX'XXX'XX 

XXXXXXXX  xxxxxxxx 
®c®®®ooiNj  9-irin^in>®-# 

— MMMMMl\JfM 

oooooooo  0000000*0 


-.yM-A/ifiM^  xxxxn® 

MMMMfUX  MMMM(\,f\.  MMMMMM 

xxxxxxxx  xxxxxxxx  XXXXXV 

mX'Tox~>^^  x®>o  — inxo  — xi'n 

-— — XX'VJXX  - — — XAJMXX  — — XXXM 

00000030  oooooooo  oooooo 


MMMMOilV  Ajl\j*\|(X<N»X*X<\l 

xxxxxx  xxxxxxxx 

»®xi».>M  — ‘nox.f®  — ® 

MMMMM-g 

oooooo  oooooooo 


©coxontx  nrt«ninknnj>5>| 


•^r-^nr—  f >>o#x*®—  ♦ ps,!..  — 

MMM-,V\J  MMM  — VX  -MMMmmMV  MMMMMMmAJ  XX\(XXXVX 

xxxxxxxx  xxxxxxxx  XXXXNXXX  xxxxxxxx  xxxxxxxx 

0-i®*«.®0mX  — ^®xt>TM'\,  — — l\l^X®®xo 

M—  -MMXXX  MMMMMmM-V}  MMMMMM-Va-Nj  rS^rSjMMMMMX 

oooooooo  oooooooo  oooooooo  oooooooo  oooooooo 


XXM--/NT—J- 

M M M M ng  (M 

XXXXXXXX 
®— xjnox® 


'VX'X'XlVX'^tn 

MMMMiVIVj  MMMMMmIIjIM 

xxxxxxxx  xxxxxxxx 

ox-*'^n®x®  ^®®inj^®x> 


oooooceol oooooooo 


> 

— mmmmmmim  i\jxnj<\»fMixix^y 
xxxxxxxx  xxxxxxxx 
f-i^ox^T'^j'®  '*'x®®o>  — ,n 

XIXX  — — — — — ^ — 

oooooooo  o — oooooo 


>K.  — •>-«.3n.m  n®fn®nin#—  o^xraxryM  innn/'kn/*>>  yyoyyyyy 

xjpMjncMLT  — Ajix'M'X'x— ^in  xp».N.N.f».N.5v^  yyyyyyyy 

— — — — (\)X  mmmmAj'M  MMMMMXfiViX  MMMMMMfSji^  r\|i\jAjiV'NiX'NJX 

xxxxxxxx  xxxxxxxx  XXXXNXXX  xxxxxxxx  xxxxxxxx 

®T'To— 1\)— in  i^MMMMixi^in  iftin— o — 

OOO—  — — MM  O — — — — — — — MM  — MM  — — — AJAIIV—  -•»■  — — OlNlOOOin-tl^ 

33003330  03000000  00003000  00000009  — — — OOOOO 


Tn"^**j'rxM  rn/*^no'^—  ®®rr»»xrw 

— i/l  OTOOX^’*^J»  f\|iMf\JfMXiV-t®  ^00^^000 

— — — XXl  M — — — AJIX  — — — — M — fX'X  M — — — — — IVIIX  (NiXr<jlX<NllNJXlX 

XXXXXXXN  XXNXXXXX  XNNXXXXN  XXXXXXXX  xxxxxxxx 

®xt>o  — <\i-f  xoooo  — i\j4  — — ixin  min  — fxmxm^“'»in® 

oeoo  — — — — O — — O — — — — — — — -,  M — — — (VMM  — — — — — OMO*®!®-#*^ 

■3333-330  O 33333003  0 0'3-03300  — — — 303  0 0 


NOTE:  V is  Ship  SPEED  IN  KNOTS  AND  T IS  MODAL  «AVC  PERIOD  IN  SECONDS, 


TABLE  30  - SHIP  C,  GM  = 3 ft,  ROOT  MEAN  SQUARE  LONGITUDINAL 
ACCELERATIONS  AT  CENTER  OF  FORWARD  TANK,  UNIT 
SIGNIFICANT  WAVE  HEIGHT 

LNG  series:  ship  C,  GM  = 3 FI  ISPnEHIC»L  TANK51 
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NOFEi  V IS  SHIP  SPCeO  IN  KNOTS  AND  T IS  NOOAL  WAVC  PCfttOO  XN  SCCONOS. 


TABLE  31  - SHIP  C,  GM  = 3 FT,  ROOT  MEAN  SQUARE  LATERAL 
ACCELERATIONS  AT  CENTER  OF  FORWARD  TANK,  UNIT 
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SHIP  snetu  IN  KNUIS  ANU  T IS  MUUAL  VAVE  PERtOU  IN  SECONDS 


TABLE  32  - SHIP  C,  GM  = 3 FT,  ROOT  MEAN  SQUARE  VERTICAL 
ACCELERATIONS  AT  CENTER  OF  FORWARD  TANK,  UNIT 
SIGNIFICANT  WAVE  HEIGHT 
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hOTCt  V 1$  SHIP  SPEED  IH  KNOTS  AHO  T IS  MODAL  HAVE  PCRfOO  IN  SECONDS. 


TABLE  33 
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NOTE:  V lb  SHIP  SPEtO  (N  KNOTS  ANO  r IS  MOUAL  «AvE  PERIOD  IN  SLCUnOS 


SHIP  C,  GM  = 4 FT,  ROOT  MEAN  SQUARE  LONGITUDINAL 
ACCELERATIONS  AT  CENTER  OF  FORWARD  TANK,  UNIT 
SIGNIFICANT  WAVE  HEIGHT 
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Noir:  V la  amiM  SPtti)  IN  yNUlS  ANO  T IS  modal  «AVE  PERIOD  IN  SECONDS 


TABLE  35 


NOTEl  V IS  SM|H  SPEtD  IN  RNOIS  »NO  I IS  MJO»L  MVE  PERIOD  IN  SECONDS. 


TABLE  36  - SHIP  C,  GM  = i*  FT,  ROOT  MEAN  SQUARE  VERTICAL 
ACCELERATIONS  AT  CENTER  OF  FORWARD  TANK,  UNIT 
SIGNIFICANT  WAVE  HEIGHT 
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NOTE:  V I*)  ’>HiP  sPEbO  IN  knUTS  ANU  T 15  HOUAL  MAVE  PERIOD  IN  bbCONOS 


TABLE  38-  SHIP  D,  ROOT  MEAN  SQUARE  ROLL  RESPONSES,  UNIT 
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NOTCl  V IS  SHIP  SPCtO  IN  KNOTS  ANO  T IS  MUOAL  MAVC  PCPIOO  IN  SCCONOS. 


TABLE  k\  - SHIP  D,  ROOT  MEAN  SQUARE  LATERAL  ACCELERATIONS 
AT  CENTER  OF  FORWARD  TANK,  UNIT 
SIGNIFICANT  WAVE  HEIGHT 
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NOTE:  V lb  bnl»>  SPEED  In  knuTS  ANU  T IS  MODAL  MAVE  PERIOD  IN  SECONDS. 


TABLE  k2  - SHIP  D,  ROOT  MEAN  SQUARE  VERTICAL  ACCELERATIONS 
AT  CENTER  OF  FORWARD  TANK,  UNIT 
SIGNIFICANT  WAVE  HEIGHT 

LNG  bCMieS:  SHIH  0 (MEHHWMNfc  TANKS) 


note:  V IS  SHIP  SPEED  IN  KNOTS  AND  T IS  MODAL  WAVE  PERIOD  IN  SECONDS. 


TABLE  43  - SHIP  E,  ROOT  MEAN  SQUARE  HEAVE  RESPONSES,  UNIT 
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note:  V iS  bHlP  SPEED  IN  KNOTS  ANO  T IS  HOOAL  «AVE  PERIOD  IN  SECONDS 


NUTt:  V !■>  bMlP  SM(tO  IN  KNurs  AND  T IS  MOOAL  mAvC  PEHlOO  IN  StCONOS. 


TABLE  i*6  - SHIP  E,  ROOT  MEAN  SQUARE  LONGITUDINAL  ACCELERATIONS 
AT  CENTER  OF  FORWARD  TANK,  UNIT 
SIGNIFICANT  WAVE  HEIGHT 


U C 
< -X 


w>lna>'0^>ooe 


Aja3o««ofM(*)n 

oeoeoooe 


tnin*«r^ooo 

r»9><y^\ftr^gD9- 

VXNNVSW 

(M(onj4>orgmn 

oooeeooe 


• ••••••• 

VVNXNVVV 

eooooooo 


• ••••••• 

VVXN'sV'vV 

00900000 


VVV.'s.V'VXN. 

oooeoooo 


r-o* 

•VVNXVV-S.N. 

oooooooo 


•V'SN.NVVN.N. 

f*>0'^ir>c®ir4’ 

M^^jrvjnjrsjrvKNj 

oooooooo 


x»y'  — 

vvx'vvCvv 

oooooooo 


— — MAJM'WM'y 

OOOOOOOO 


/>j^»'n*«-inoo 

VVVVNNVV 

•VS’VlTX^OO' 

OOOOOOOO 


ir<t/'x)®"~ooo 

•NVVNVNV.N. 

OOOOOOOO 


J>i1X  0^-000 
XT' 

XVVVNXVN 

oooooooo 


/^J^C®*«-000 

'*->T 

VXVNNNNS 


»^«nn^n<ni/>o 

NNNvCvNX 

oooooooo 


fwno-fn^i/'o 

^•®®«*>^t^®® 

NN.’VVXVVN. 
-•®«\i®o«vr^n 
— — r\<rM<nnnr> 
oooooooo 


f>..n^-«(*«>miftO 


NVN’VV'V'V'S 

oooooooo 


N.n®— 

^-®  — 

'v-VVV’V'v'VS. 

r\)®r\j®®oo> 

OOOOOOOO 


'>vN.NVX>.>.'N 

i\*or<>uPr«-®®»*» 

oooooooo 


— o®-^n«niro 
®3>— 


xv>.vvvvv 

®l/> 

^^rvjiMnjcviMrvj 

oooooooo 


S.VVNX'vVV 

M^(\irvjnj<%j(Mftj 

oooooooo 


•>®00  — oiPO 

'VVVVV'S'VV 

M^rvj04i\i'vrvjr\j 

oooooooo 


t/>©®'^/*oo'n 

xy—j>x®>o 

— fM 
V V 


V V V N V 

_«_-Vj'\j'M-y(\l?M 

OOOOOOOO 


/''OX-'OOO-^ 
— Xf"  07*0 
VVV'SVVX'v 

oooooooo 


.nxo-^niT®'^ 
M M M ^ rvj 

VVVNN.VV-V 

(MX  — 0^0-^'^'^ 
— — fM(V(M'^^(*' 
oooooooo 


■r>  ^ ^ j>  xt  rt  -c 


O'  — — '0^“®00 
— — — oj 

VVNXNN.VV 
^r^«Mir<oi\jri(M 
— — <M(M'M'^'*^n 
oooooooo 


xocrnnf\-on 


— — — — (M 

VVVNVVVN 

— r-.  — a^(^(M’*>(*> 

O ’O'O-^O  • 7-0’  »■ 


®(neM-»^'nnir 

®h>— 

VVXXXNNV 

« — (\J<M^(n(*lrt 
oooooooo 


®(n®  — ♦nmio 
®^-oO((n^*r® 

— ®(M®0(M(*)<*^ 

— — (M(VI'^»^(^'^ 
OOOOOOOO 


®(^®  — 

®KOOi(*1«l/)® 

>.VVNXX>.>. 
— ®(M®0  — fu  — 

OOOOOOOO 


®(*)®— 

VN'VXN.'SXV 

— ®(M®®oeo 
^^(Mru(M(*^(*>(M 
OOOOOOOO 


— (MlO  — 

®o>e(Mn^iD® 

''^XXNX’VXN 

fM®r>®^•®*^* 

— — (M(M(M(M<M(M 
OOOOOOOO 


®0‘O<M'^l/l®(^ 


'VNN.'S'SV'S'S. 

— — •(M(M(M(MIM(M 
OOOOOOOO 


iAin<0'^Oi/ti/>x 

^>Mr>tr‘f».®^ 

VXN.V'SN.VV 

— -*tMfM(M(M(M(M 
OOOOOOOO 


J^J^^OOO'^7' 


oi»(ntj%®0'00 
— ——  — 'MM 
NNVVVVVV 

(noMir®®®ir> 

— — (MMMMMM 
OOOOOOOO 


in  — oonx^c 


rM-^X^yo  — 
— — — — — (M  (M 
VN,VNVVNN 

— — •M'M'M'M'M'M 
OOO  OOOOO 


»oxno'n7>-» 


M-»^®>OOM 
— — — ——  MMM 
N.NV'vVXVV 
M®  — in'^<77-7‘ 
——MMMMMM 
00000090 


»®®inn(n7>^ 


M-^^«(T-OOM 

— — — — — MMM 
VS.'vMVS.V’V 

— r-  — .J^»o  — — 

— — MMM'n'n'n 

oooooooo 


®o®innor«-^ 


M^4®7‘0  — M 
—————MMM 
VS.’VVM'S.MV 

— ^•Oin<7‘— MM 

— — MMMomin 

00009000 


©>onj'n‘nr**-» 


M-t^®!>0  — M 
—————MMM 
NMM-SNVMV 

— 'Oo-X'>M(n(n 

— — MMM(nn(n 

9-3'3'9-9.3-9'9' 


(n»n  — 

• ••••••• 

®®o  — M(n«in 

NMXMMMSN 
or'-M*'^  — 

— — 

oooooooo 


•nm  — 

®®o  — Mn®in 

NNNMMMNN 
o^»iM®orm(n 
— — 

OOOOOOOO 


min®M®®®p- 
• ••••••• 

®®»— M(*)®in 


MNVNNNNV 

— r^MOOMMM 

— — MM(n(n(nn 

oooooooo 


(n^•OM®•«®^> 
®®<^— (v»^^jn 

N.NMNMMMM 

— OMOT^OO®- 

— — MMM(^(*tM 

OOOOOOOO 


(noOM®''*®^- 

®(^(^— M(n.Yi/i 

MVVWMMM 
MOfnoooor- 
— — MMMMMM 
OOOOOOOO 


09  — M®®(ntn 
OOO  — M®®»'“ 


MMMNMVMN 
M®(ntn'^^®»n 
— — MMMMMM 
OOOOOOOO 


•^(*s®inin(no^“ 


^^^r^-r^-eo  — 

— — — —— mmm 

NMVMMXSN 

M®'*^«n®®®<r 

— — MMMMMM 
oooooooo 


'o  n o •• 


^ ♦r-r-o— M'n 

— — — — mmmm 
>.>.vvv>»vv 
MOMin®®®<t 

— — MMMMMM 
OOOOOOOO 


% ® n in  ^ 


M 


— — — — MMMM 
NXNVVNNX 
MX—  ^®'*>**>® 

— — MMMMMM 
OOOOOOOO 


linn— ^^-nM 


^ — — — MM-n^ 

— — — MMMMM 
XVVVNMNN 

— tN.  — 

— — MMMMMM 
00009009 


tnmin— ^(^«nM 


— — (»»— M'nm^ 

— — — MMMMM 
N.NVXN'VN.V 

— ®0.r®9  — O 

— — MMM^fv^n 

oooooooo 


in  m n f 


^ (n  M M 


— — M(n^..j 

— — — MMMMM 
NVV'vVNVN. 
0®0^®— MM 

— — MMM'nmn 

oooooooo 


in  n n ^ 


.»  n M M 


— — — — M'n^^ 

— — — MMMMM 
NVNMXNVV 
0®0^7-— (OM 

— — MMMi^nn 

9'9-3'3'9-90'9 


— ®®*»® 
tninoo  — 


XMMVSMNM 
O®  — P-— m®® 
o — MMmnmn 


M «•  ® ® p 
inmoo  — rwn® 

N >.  N N M M N 
o ® — n>  — <n  ® 
o — M M ^ n n 
oooooooo 


^•^>M  — oor'^o 
tninoo  — M(*>m 

MMNXVWN 
Oft.Mf'^OMMM 
— — MMnnnn 

OOOOOOC 


f'>nM'«®®f^o 
tn®oo  — M(*>in 


VVXVNN.MV 
O—  M®9>000 
— — MMMA(nr> 
OOOOOOOO 


« m M — ® ® (• 
n®oo  — M'^in 

MNMVMMMV 
— « <^  ® ® ® • - 

——MMMMMM 
ooeoooc~  ~ 


^^Min®®®" 
^ <n  o o — ♦n  « 5 


MVVX'vX'vN 

— ®<n®  — — ®in 

— — MMMMMM 
oooooor ' 


■»  ® n*^-'*'MM 


— — MMMMM 
MVVMNXVV 
M®Mir®®in® 

— — MMMMMM 
0090000  ~ 


M M 


in  « ® ^ 

— — MMMM  •'M 
NMMMMXVM 
M«Mn®®®  » 

— — MMMMMM 
o o o e o 9 e 


— — MMMMMM 
VXMMX’S>V 

— — — •»®  — — ® 
— — MMMMMM 
oooooooo 


^ ® n M M ■ 


^®"S®®  — — — 

— MMMMMM  M 
NMNMMMMN 

— ®o®  — ®0® 

— — iVc^rgMMM 

oooooooo 


> ® '■ 


M M 'n  (n  n 


•n  s ® ® — ^ 

— MMMMMMM 
NVMMMMMM 

o ® o ® ® o > 

— — — M M <*>  <* 
OOOOOOOO 


♦ ® " 


M (n  (n  (n 


(^  » (n  ® f»-  — ^ 

— MMMMMM  Ml 

mmmsnmvn' 

Oino®®  — MM 

— — — MM'n^o 
00900000 


•»®nM'nfnn'«>l 


(^»r»®K.f».  — — 
— MMMMMM  Ml 
NVNMMMMN, 
O iT.  > ® ® — M M 
o — — MMn(nn 

9-9'9-9  'SOO-O 


- /n  m n.  — 


NOTE:  V IS  SHIP  SPEED  In  hi  UTs  hnO  T IS  muoal  HAVE  PERIOD  IN  SECONDS 


TABLE  47  - SHIP  E,  ROOT  MEAN  SQUARE  LATERAL  ACCELERATIONS 
AT  CENTER  OF  FORWARD  TANK,  UNIT 
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NOTE:  V is  SHIP  SPEED  IN  KNOTS  ANl)  T IS  MODAL  «AVE  PERIOD  IN  SECONDS 


TABLE  A8  - SHIP  E,  ROOT  MEAN  SQUARE  VERTICAL  ACCELERATIONS 
AT  CENTER  OF  FORWARD  TANK,  UNIT 
SIGNIFICANT  WAVE  HEIGHT 

LNG  series:  shir  E (M£HaR*NE  TANKS) 


J 


NOTE:  y IS  SNIP  SPEED  IN  KNOTS  AND  T IS  HUOAL  NAVE  PERIOD  IN  SECONDS, 
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